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Abstract 
 This dissertation is comprised of several studies over three unrelated areas of focus.  
Chapters two and three investigate the role of the hormone ethylene on growth of creeping 
bentgrass through (1) exposure of turf to exogenous ethylene and (2) testing an ethylene 
inhibiting compound for use to alleviate stress related injury.  Previous research demonstrated a 
correlation of stress injury and ethylene and lessening of injury through ethylene inhibition, but 
little work has been conducted evaluating the direct effects of ethylene.  These studies failed to 
confirm findings in previous research.  Chapters four and five aim to illustrate the impact of 
turfgrass selection and management on playability of the turf by (1) examining the effects of 
bentgrass species and cultivar selection on golf ball lie and (2) evaluating the impact of golf ball 
lie on golfer performance.  Several research studies have looked at the impact of warm-season 
species on golf ball lie, but no studies have evaluated the newer and denser bentgrasses for ball 
lie nor demonstrated the importance of ball lie on golfer performance.  These studies confirm 
that ball lie is affected by species and cultivar selection and impacts golfer performance. Chapter 
six addresses the concern that synthetic turf could experience fading of colors through exposure 
to daily sunlight by assessing the color retention qualities of synthetic turf by digital image 
analysis.  While color change was noticed, quantification of color change was not consistently 
measured. 
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I. Introduction 
Ethylene and ethylene inhibition 
Plant stress is defined as a condition in which the normal physiological processes are 
disrupted, leading to injury, and is a common problem for growers (Nilsen and Orcutt, 1996).  
Turfgrass managers are well versed in dealing with plant stress, particularly for golf course 
superintendents in the southern United States managing creeping bentgrass [Agrostis stolonifera 
(L.)] putting greens during the summer under tournament type conditions.  Bentgrass (a cool-
season species) putting greens, under normal maintenance procedures, are stressed from the 
excessive heat and humidity associated with the transition zone, daily mowing, and foot traffic.  
However, during tournament preparation, putting greens are subjected to daily mowing in two 
directions (double-cutting) with mowing heights as low as 2.5 mm, rolling, and extensive foot 
traffic.  A general response of plants to stress is an increased production of ethylene (Nilsen and 
Orcutt, 1996). 
Ethylene is a plant hormone generally thought of as a growth inhibitor.  Originally 
discovered by Dimitri Neljubow at the Botanical Institute of St. Petersburg when pea seedlings 
that were grown in the dark exhibited swelling, reduced stem elongation, and induced abnormal 
lateral growth.  Since these earlier studies, ethylene has been extensively studied in agriculturally 
important crops, and the biosynthesis of ethylene is well documented (Taiz and Zeiger, 1998).  
Ethylene is biosynthesized via the Yang Cycle with methionine as a precursor (Adams and Yang, 
1979; Kende, 1993).  Methionine is converted into S-adenosylmethionine (AdoMet) through the 
enzyme AdoMet synthase.  AdoMet is then coverted by ACC synthase into 1-
aminocyclopropane-1-carboxylic acid (ACC) before being converted into ethylene by ACC 
oxidase (Adams and Yang, 1979; Taiz and Zeiger, 2002).  ACC synthase activity is regulated by 
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environmental and physiological factors, but in general, is stimulated by external stress such as 
wounding, temperature, and water (Kende, 1993; Taiz and Zeiger, 2002).   Ethylene has been 
associated with abscission of leaves, flowers, and buds, gravitropic responses, fruit ripening, and 
senescence (Taiz and Zeiger, 2002). 
Creeping bentgrass has an optimum growing temperature range of 15 to 24°C for shoot 
growth (Beard, 1973), well below average high temperature during the summer in the transition 
zone, an area of the United States, where no turfgrass species is well-adapted year round (Dunn 
and Diesburg, 2004).  Above optimum temperatures, such as those experienced in the transition 
zone, have a negative effect on the growth and development of cool-season plants (Paulsen, 
1994; Huang et al., 1998; Larkindale and Huang, 2004).  Under heat stress conditions, 
photosynthetic activity is decreased, and the likelihood of cell membrane damage is increased 
(Berry and Bjorkman, 1980; Blum and Ebercon, 1981; Paulsen, 1994).  Extended periods of high 
temperature stress can cause cell death and leaf senescence (Thomas and Stoddart, 1980; 
Abernethy et al., 1989; Xu and Huang, 2007).  Leaf senescence results in chlorophyll loss and 
reduced photosynthetic activity, and has been positively correlated with elevated levels of 
ethylene (Xu and Huang, 2007).  Creeping bentgrass subjected to heat stress (>35°C) in a growth 
chamber exhibited elevated ethylene evolution starting after 14 days.  Subsequently, ethylene 
evolution was negatively correlated with turf quality, photosystem II efficiency, and chlorophyll 
and carotenoid contents in creeping bentgrass (Xu and Huang, 2007; Xu and Huang, 2009). 
Excised bean [Phaseolus vulgaris (L.)] leaf discs had increased production of ethylene as 
temperatures increased (Field, 1981; Field, 1984), and in dogwoods [Cornus sericea (L.)], 
increases in temperature above optimum resulted in increased ethylene production (Shirazi et al., 
1993).  Sauter et al. (1990) noticed that plants with higher ethylene evolution rates had a lower 
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ability to acclimate to heat when studying beans.  Sauter and coworkers (1990) also suggested 
lower yields, reduced plant and fruit size, and increased flower abscission was related to the 
induction of ethylene due to high temperatures.   
Regular mowing consistently wounds turf leaves, and occurs at least daily under normal 
maintenance procedures for creeping bentgrass putting greens.  Double cutting occurs for 
tournament play to increase green speeds, and consists of mowing in two directions on the same 
day, increasing wounding stress and reducing photosystem II efficiency (Howieson, 2005).  
Some courses may even triple or quadruple cut putting greens to maximize ball roll distance.  
Although ethylene production has not been studied regarding mowing of turf, wounding in other 
plant species has been evaluated.  In tomatoes [Lycopersicon esculentum (Mill.)], ethylene has 
been shown to play a role in the gene expression of proteins involved in blocking insect feeding 
and infestation resulting from insect wounding of leaves (O’Donnell et. al., 1996), and the 
production of ACC, a precursor to ethylene, was shown to increase from wounding of the 
pericarp tissue of tomato fruit (Boller and Kende, 1980), leaves of beans (Konze and 
Kwiatkowski, 1980), and iceberg lettuce [Lactuca sativa (L.)] (Ke and Saltveit, 1989).  
Wounding of the stigma of flowers from petunia [Petunia hybrid (L.)] resulted in increased 
ethylene production (10 fold) and subsequent senescence of flowers (Whitehead et. al., 1989).  
Increased production of ethylene results in chlorophyll loss, increased leaf senescence, and 
reduced photosynthesis (Xu and Huang, 2007).   
Rolling of greens has been shown to be an effective tool to increase golf ball roll 
distance, but the impact on ethylene production resulting from light-weight rolling has not been 
evaluated.  Lightweight greens rollers smooth the putting surface and increase ball roll distance 
for several hours (Danneberger et al., 1993; Hamilton et al., 1994).  However, the weight of these 
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rollers, although relatively low, has the potential to crush leaf tissues causing a wound response 
and increased ethylene production, and rolling more than every other day has been shown to 
negatively affect turfgrass quality (Hartwiger et al., 2001).  It is likely that low mowing, double 
cutting, daily light-weight rolling, and extensive traffic increases ethylene production, which 
may lead to leaf senescence and a decline in turfgrass quality which is often associated with 
tournament conditions.  Inhibiting the ethylene production under stress conditions may improve 
putting green quality and recovery following tournament conditions. 
Aminoethoxyvinylglycine hydrochloride (AVG) is a naturally occurring compound 
formed as a byproduct of fermentation that blocks the production of ethylene by inhibiting ACC 
synthase, the enzyme responsible for converting AdoMet into ACC (Venburg et al., 2008).  As 
stated previously, the enzyme ACC synthase is stimulated by external plant stresses such as 
wounding, temperature, and water (Adams and Yang, 1979).  Applications of AVG have been 
shown to effectively reduce the production of ethylene in tomato pericarp tissue [Lycopersicon 
exculentum (Mill.)] (Saltveit, 2004), in etiolated mung bean hypocotyls (Amrhein and Wenker, 
1979), and in many other plants.  But most importantly in relation to this research, it was shown 
to reduce ethylene biosynthesis in creeping bentgrass grown under heat stress in a growth 
chamber (Xu and Huang, 2009).  After 21 days in a growth chamber at 35°C, plants treated with 
AVG had 25% less ethylene produced compared to an untreated control (Xu and Huang, 2009).  
Therefore, AVG is effective in reducing the biosynthesis of ethylene in turf, and could help 
reduce the effects of strenuous tournament conditions.  However, the tolerance of putting green 
turf to applications of AVG has not been studied, and AVG has only been tested in growth 
chamber experiments in which heat stress was the sole source of injury. 
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One obvious gap in turfgrass science literature related to ethylene is the direct role in 
turfgrass growth and development.  In the previous research conducted by Xu and Huang (2007; 
2009), ethylene production was measured and then regressed to other measurements such as 
turfgrass quality, and it was suggested that ethylene production caused the deleterious effects.  
However, it is entirely possible that elevated ethylene production was simply an additional effect 
resulting from stress rather than the cause for the effects.  Instead of ethylene causing the decline 
in turfgrass quality, it could serve as an indicator of turfgrass decline.  To ascertain the cause and 
effect relationship of turfgrass quality and ethylene, it was necessary to expose turfgrass to 
exogenous levels of ethylene.  The lack of research examining the role of ethylene and ethylene 
inhibition in relation to turfgrass growth warrants experimentation, and consequently  the 
objectives of this series of studies were to (1) determine the effects of exogenous ethylene on 
creeping bentgrass growth, (2) determine the tolerance of putting green height creeping bentgrass 
to a commercially available formulation of AVG, and (3) evaluate the effectiveness of AVG in 
reducing stress related injury of putting green height creeping bentgrass under tournament 
conditions. 
Golf ball lie and golf shot characteristics 
 Golf ball lie has been defined as the position of a golf ball in and above a turfgrass 
canopy following a golf shot (Richardson et al., 2010).  Anecdotal evidence suggests that golf 
ball lie has a significant effect on golf shot performance, and because of this belief, several 
research studies have been performed examining the effects of species and cultivar selection, 
mowing height and frequency, fertility, and plant growth regulators on golf ball lie.  Initial ball 
lie evaluations began with the invention of the Lie-N-Eye in 2001 to measure the amount of golf 
ball exposed above the canopy of Kentucky bluegrass (Poa pratensis) cultivars at 1.6 to 2.5 cm 
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heights (Cella et al., 2004).  In 2004, the Lie-N-Eye was improved to measure ball lie at typical 
fairway heights such as 1.27 cm, and it was used to test six cultivars of creeping (A. stolonifera) 
and colonial bentgrass (Agrostis capillaris).  The research demonstrated that average golf ball lie 
changed depending on species and cultivar of bentgrass (Cella et al., 2004). 
 While the Lie-N-Eye and Lie-N-Eye II were capable of measuring golf ball lie, 
measurements using these devices was time consuming, which lead to the development of a 
platform to mount a digital camera and the use of digital image analysis to quickly and 
accurately measure golf ball lie (Richardson et al., 2010).  Regression analysis confirmed the 
accuracy of digital image analysis with the height above the turf canopy as well as Lie-N-Eye 
(Richardson et al., 2010).  The authors went on to determine golf ball lie was better in hybrid 
bermudagrass (Cynodon dactylon X C. transvaalensis) compared to common bermudagrass (C. 
dactylon) at 1.25 and 2.5 cm mowing heights (Richardson et al., 2010).  Richardson and 
coworkers (2010) noted that cultivars and species of zoysiagrass (Zoysia spp.) were similar in 
ball lie at lower heights of cut, but differences existed when mowing height was increased.  The 
authors noted that species and cultivar selection had a significant impact on golf ball lie 
especially at higher heights of cut which produced variable results.  Trappe and coworkers 
(2011) compared golf ball lie of zoysiagrass and bermudagrass and noted that golf ball lie 
changed depending on time of year and frequency of mowing.  The authors went on to note that 
significant differences in ball lie of approximately 4% were not likely realistically different and 
suggested that research examining the effects of golf ball lie on golfer performance was 
necessary. 
 Previous research and anecdotal evidence have indicated the importance of golf ball lie to 
the game of golf, and it has been demonstrated that aspects of turfgrass management have a 
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significant impact of golf ball lie.  However, limited research has been performed investigating 
the differences that exist in one of the main turf species used for golf course fairways in northern 
portions of the United States, creeping bentgrass.  Cella and coworkers (2004) examined a few 
cultivars of creeping bentgrass, but since that publication, several new cultivars exist with greater 
leaf density and the potential to have improved ball lie compared to older cultivars.  In addition, 
no research has been performed characterizing the impact that golf ball lie has on golfer 
performance.  Therefore, the objectives of this section of study were to (1) compare golf ball lie 
of creeping and colonial bentgrass cultivars in a National Turfgrass Evaluation Program trial (2) 
measure how golf ball lie changes over time following mowing, and (3) determine the effects of 
golf ball lie on golf shot performance characteristics. 
Color retention of synthetic turf 
With continual population growth and increased community size, the number of athletic 
events on a given sports field is on the rise.  The increased demand for playing space and 
adequate playing surfaces has aided in the popularity of crumb-rubber in-filled synthetic fields 
that can withstand multiple athletic events, practices, and concerts within the same season.  
While the number of events that can be held on a synthetic field is beneficial, there are a number 
of problems associated with this athletic field system.  Many studies have been conducted on 
synthetic fields to determine incidence and severity of player injuries, environmental concerns, 
other health risks including toxicological and bacterial, and construction and maintenance costs, 
but limited knowledge is available for color retention of the synthetic fibers through the lifespan 
of the field.  Faded logos and lines can diminish the overall playability of the field and be 
displeasing to players, coaches, and spectators who take pride in their affiliation to a particular 
team or school. 
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It has been suggested that a benefit to synthetic turf surfaces over natural grass is the 
consistent color of the field including lines and boundaries, logos, and overall surface throughout 
the seasons, which could potentially assist in the recruitment of players during offseason 
(Maguire, 2002).  However, synthetic turf is made by sewing nylon, polypropylene, or 
polyethylene fibers, or pile, into a horizontal backing, and those particular types of fibers are 
susceptible to photodegradation when in an outdoor setting (McNitt, 2005).  When exposed to 
sunlight, fibers such as polyethylene and polypropylene are broken down by ultraviolet radiation 
resulting in reduced tensile strength (McNitt, 2005).  In addition to reducing the overall quality 
of the fiber, UV radiation has been shown through numerous studies to cause phototendering, the 
fading of organic and commercially available pigments and dyes.  The photosensitized 
degradation by pigments is dependent on the nature of the polymer (polyethylene, 
polypropylene, polyethylene, or nylon), form of the polymer, in this case, fiber, light stability of 
the polymer, nature of the pigment, activity of the pigment, and particle size and formulation of 
surface treatments (Allen and Edge, 1992).  However, no studies exist examining the potential of 
phototendering and eventually fading of pigments used to color pile during the lifespan of the 
synthetic turf.  In most cases, the expected lifespan of a synthetic turf, or warranty period, 
consistently falls between eight to ten years (McNitt 2005).  During that time, the exposure to 
UV radiation of an outdoor field could average 6-12 hours per day.   
The color of an object can be dissected into three main parts: hue, saturation, and 
brightness.  Hue describes the wavelength of the reflected light from the surface of an object and 
allows for the determination of chromatic colors such as red, green, blue, and yellow (Judd, 
1940) and can be quantified as an angle on a circular scale (Adobe Systems, 2002).  Saturation is 
the dominance of a particular hue (purity) within a given color or the difference of a chromatic 
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color from an achromatic color such as gray (Judd, 1940) and ranges from 0 (gray) to 100% 
chromatic color (Adobe Systems, 2002).  Brightness describes how light or dark a color is 
perceived determined by the class of grays it most closely resembles (Judd, 1940) represented as 
0 as black and 100% as white (Adobe Systems, 2002).  Hue, saturation, and brightness can be 
determined through digital image analysis (DIA) using methods described in Karcher and 
Richardson (2003).   
Summary 
 Each of the following chapters pertains to one of the three major topics introduced above.  
Chapters Two, Three, and Four are related to ethylene action and ethylene inhibition in creeping 
bentgrass.  Chapters Five and Six cover the impact of cultivar and species selection on golf ball 
lie and relate golf shot performance characteristics to ball lie.  Finally, chapter Seven looks at the 
color retention properties of synthetic turf, and chapter Eight provides conclusions for each 
chapter.  
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II. Creeping Bentgrass Response to Exposure to Exogenous Ethylene in a Controlled 
Environment 
Abstract 
Very little research has been conducted investigating the importance of ethylene in 
respect to turfgrass growth and development.  Two recent studies indicated a negative 
relationship between ethylene production and turfgrass quality.  However, no studies exist that 
have evaluated the effects of exogenous ethylene on turfgrass.  Therefore the objective of this 
study was to determine the effects of exposure to exogenous ethylene for creeping bentgrass 
plugs with and without heat stress.  A series of studies were performed with ethylene 
concentrations ranging from 100 µl·l
-1
 to 15,000 µl·l
-1
.  There were no measurable effects to 
turfgrass growth and quality from exposure to exogenous ethylene, but turfgrass subjected to 
heat stress was significantly injured over time. 
Introduction 
The hormonal role of ethylene has been well documented for ripening and senescence of 
climacteric fruits (Burg and Burg, 1965), and there is a link between the complex process of leaf 
senescence and ethylene (Aharoni and Lieberman, 1979; Grbic and Bleecker, 1995).  While 
much data elucidating the correlation between leaf senescence and ethylene exist for many plants 
(Grbic and Bleecker, 1995), limited research has been conducted to determine the extent of 
response of turfgrass to ethylene.   
Ethylene accumulation was significantly correlated to the degree of leaf senescence of 
creeping bentgrass (Agrostis stolonifera L.) and rough bentgrass (Agrostis scabra Willd.) 
subjected to extended heat stress of 35°C and coincided with decreases in turfgrass quality, leaf 
photochemical efficiency of photosystem II, and chlorophyll and carotenoid content, which are 
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all characteristic of leaf senescence (Xu and Huang, 2007).  However, creeping bentgrass and 
rough bentgrass differed in the rate of response to heat stress as well as to the extent of the 
damage caused by the stress even though ethylene accumulation was not significantly different.  
Rough bentgrass used in the study was considered more heat tolerant than creeping bentgrass.  
Consequently, the severity of the effects of heat stress was less for rough bentgrass compared to 
creeping bentgrass (Xu and Huang, 2007), while it was apparent that ethylene was associated, 
the lack of significant difference in ethylene accumulation between the two species in 
conjunction with the differences in response could indicate other factors are involved in leaf 
senescence in addition to ethylene. Subsequently, the same authors verified the influence of 
ethylene in leaf senescence in creeping bentgrass through exposure to heat stress and 
applications of an ethylene-inhibiting compound.  They reported that inhibition of ethylene 
delayed the effects of heat stress and delayed the process of leaf senescence (Xu and Huang, 
2009).  The inability of the ethylene inhibitor to prevent leaf senescence combined with the 
authors demonstration that other compounds such as cytokinins and abscisic acid were correlated 
with leaf senescence provided evidence to the complex nature of leaf senescence (Xu and Huang, 
2007; Xu and Huang, 2009), which is consistent with other work (Aharoni and Lieberman, 1979; 
Grbic and Bleecker, 1995). 
Significant correlations of ethylene accumulation to indicators of leaf senescence and 
delay of leaf senescence using an ethylene inhibiting compound indicated that ethylene 
contributes to leaf senescence in turf.   However, Aharoni and Lieberman (1979) questioned the 
point at which ethylene affected the process of leaf senescence and suggested that the influence 
of ethylene followed the onset of senescence rather than initiation.  Considering the complexity 
of leaf senescence and the number of hormones involved, it leaves question simply to the effects 
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of ethylene on turfgrass growth.  Therefore, the objective of this study was to evaluate the 
response of turfgrass to acute exposure of exogenous ethylene and determine the minimum 
ethylene concentration required for response. 
Low-level exogenous ethylene 
Fifty ‘Penn A-1’ creeping bentgrass plugs were collected from a mature putting green 
with a sand-based root zone using a tubular turf plugger (Turf-Tec International, Tallahassee, 
FL) and potted in PVC tubes of 5.1 cm in diameter capped with fabric to prevent sand loss.  
After 14 days of acclimation in a climate controlled greenhouse at 25°C, plugs were placed in 
one liter glass containers equipped with lid (0.95 L wide mouth jar, Jarden Home Brands, 
Dalesville, IN) to prevent gas escape.  Each lid had a sleeve stopper septa (7.9 mm x 14 mm, 
fluoroelastomer FKM, Aldrich, Sigma-Aldrich Co., St. Louis, MO) installed to allow for 
injection of ethylene.  Differing concentrations of ethylene gas (Ethylene 99.99%, Aldrich, 
Sigma-Aldrich Co., St. Louis, MO) were created by injecting known volumes of pure ethylene 
using heavy-duty gas syringes (1, 2, and 5 ml Series A-2, VICI Precision Sampling, Valco 
Instruments Co. Inc., Baton Rouge, LA) into glass containers through septa.  Treatments 
included ethylene concentrations of 0, 250, 500, 750, 1000, 1500, 1750, 2000, 2500, and 5000 
µL·L
-1
, and each of the ethylene concentrations were randomly assigned for injection into each 
jar.  The experimental design was completely randomized with 10 treatments and five 
replications.  Following injection, turf plugs remained in sealed glass containers for 24 hours 
under fluorescent lighting in a climate controlled lab.  Untreated controls were not exposed to 
ethylene, but remained in sealed glass containers for 24 hours.  Ethylene concentrations were 
confirmed by gas chromatography (GC) (Agilent HP 5890, Agilent Technologies, Santa Clara, 
CA) according to methods previously published (Watkins and Frenkel, 1987).  A one ml gas 
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sample was collected from jars after one hour following ethylene injection.  The effects of 
exogenous ethylene were determined by visually rating plugs at 0, 1, 4, 7, 14, 21, and 28 days 
after treatment for turfgrass quality by evaluating color and uniformity on a 1 to 9 scale, with 9 
representing an ideal stand of turf and 1 equating to dead turf (Horst et al., 1984).  In addition, 
digital images were collected at each measurement date, and digital image analysis was used to 
determine percent turfgrass cover according to previously published methods (Karcher and 
Richardson, 2003; Karcher and Richardson, 2005).  Statistical significance of treatment effects 
was tested using analysis of variance (Stata v.13, StataCorp L.P., College Station, TX), and the 
experiment was repeated twice.  Linear regression was performed to relate measured ethylene 
levels by GC to calculated levels based on injection and jar volume. Turfgrass plugs were 
watered twice per day to prevent drought stress, fertilized weekly (4.9 kg N Ha
-1
; 0.6 kg P HA
-1
; 
2.5 kg K Ha
-1
), and clipped to 1.3 cm. 
Effects of low-level exogenous ethylene 
Experimental repetitions were not significantly different, and therefore, data from 
repetitions was pooled.  Percent cover and turfgrass quality were not affected by treatment with 
exogenous ethylene (Table 1).  Turfgrass plugs exposed to various concentration of exogenous 
ethylene were indistinguishable from the untreated control treatment, and turfgrass quality and 
percent cover remained consistent throughout the duration of the experiment.  Regression 
analysis of gas samples was significantly correlated (r
2
 = 0.961; P < 0.001) to target ethylene 
levels.  Without any visible response to exogenous ethylene, it was hypothesized the length of 
exposure may not have been sufficient.  Therefore, an additional study was performed, and 
turfgrass plugs were collected and acclimated according to methods described above.  However, 
unlike the previous experiment, ethylene concentrations were limited to 0 and 15,000 µL·L
-1
, 
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and the length of exposure was expanded to 24, 48, and 72 hours.  Percent cover and turfgrass 
quality was not affected by length of exposure to ethylene (data not shown) (Fig. 1).   
It was suggested that potentially elevated CO2 levels within the glass containers could 
have affected the response of turfgrass to ethylene exposure during experimentation (B. Huang, 
personal communication, October 17, 2011).  The antagonism of CO2 and ethylene has been well 
documented, and research has demonstrated that CO2 levels up to 7.0% were as effective in 
inhibiting ethylene action similar to applications of 100 mg·L
-1
 ofAgNO3 (Burg and Burg, 1967; 
Beyer, 1979).  In the present experiment, CO2 concentrations were not measured and could have 
reached 7.0%.  Turf plugs were subjected to low levels of light during ethylene exposure which 
would have reduced photosynthesis, but left respiration unaffected.   However, CO2 antagonism 
of ethylene was shown to be rate dependent (Beyer, 1979), and while CO2 concentrations of 
7.0% and 100 mg·L
-1
 AgNO3 were similar in retarding ethylene action, the similarity ceased 
once ethylene concentrations were greater than 2 µL·L
-1
 (Beyer, 1979).  In both studies 
conducted here, ethylene levels were considerably greater than 2 µL·L
-1
, and therefore, the 
effects of ethylene would not have been retarded according to previous research. 
Exogenous ethylene and heat stress 
Previous research demonstrated that ethylene evolution was related to heat stress, and 
that the use of an ethylene inhibitor delayed reduction of turfgrass quality among other traits 
when plants were stressed (Xu and Huang, 2007; Xu and Huang, 2009).  Heat stress was the 
common characteristic of both studies that produced significant correlations between ethylene 
and turfgrass quality, and therefore, the ethylene effects could be stress dependent.  With this in 
mind, another study was conducted to determine the effects of exogenous ethylene to creeping 
bentgrass plugs while under heat stress.  The study consisted of four treatments with seven 
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replications in a randomized complete block design.  Treatments included ethylene 
concentrations of 0, 250, 750, and 15,000 µL·L
-1
.  Blocking was used to address within growth 
chamber variability.   
Collection and potting of turfgrass plugs was the same as methods listed above.  
However, rather than plugs acclimating for two weeks in a greenhouse prior to experimentation, 
growth chambers (Conviron, Winnipeg, Canada) set to 25°C/20°C (day/night) with 14 hour 
photoperiod was used instead.  Heat stress was initiated at the time of treatment and continued 
for the duration of the experiment.  The growth chambers were set to a temperature regime of 
35°C/30°C (day/night) with a 14 hour photoperiod.  The growth chambers maintained an average 
relative humidity of 50% and provided 400 µmol·m
-2
·s
-1
 of light during the day periods.  Each 
turfgrass plug had an equivalent one month old tomato plant (Lycopersicon esculentum cv. 
Roma) to serve as an indicator for ethylene exposure, and the size of glass containers was 
increased to 1.5 liters to accommodate the addition of the tomatoes.  For a 24 hour period, 
turfgrass plugs and tomato plants were placed together in glass containers and subjected to 
ethylene exposure treatments.  Glass containers remained in the growth chamber during ethylene 
exposure and were inverted to prevent shading from lid.  After the treatment period, plants were 
removed from glass containers, but remained in the growth chamber for the duration of the 
experiment.  Turfgrass quality was rated at 0, 1, 4, 7, 14, 21, and 28 days.  Digital images were 
collected at each measurement date to determine percent cover of turfgrass plugs through digital 
image analysis.  Petiole epinasty in tomato plants was measured as the vertical distance the 
petiole of the oldest leaf moved according to previously published methods (Jackson and 
Campbell, 1975).  Following ethylene exposure, 1 ml of gas from each glass container was tested 
according to methods listed previously to confirm ethylene concentration.  The experiment was 
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repeated twice and included the use of two different growth chambers of the same make and 
model.  Analysis of variance was performed to determine statistical significance, and GC 
measurements of ethylene concentration were linearly regressed to calculated values from 
volumes of injected ethylene.  Turfgrass plugs and tomato plants were watered twice per day to 
prevent drought stress and fertilized weekly (4.9 kg N Ha
-1
; 0.6 kg P HA
-1
; 2.5 kg K Ha
-1
).  In 
addition, turfgrass plugs were clipped to maintain a height of 1.3 cm. 
Effects of exogenous ethylene and heat stress 
 Data from the two study repetitions was pooled for analysis since repetitions were not 
significantly different, and target ethylene concentrations were confirmed by GC (r
2
 = 0.935; P < 
0.001).  Tomato plants treated with ethylene had significantly greater epinastic movement 
compared to untreated control similar to previous research (Jackson and Campbell, 1975) (Table 
2).  Even though CO2 levels were not monitored, the altered leaf orientation of the tomato plants 
was evidence of ethylene action and demonstrated that CO2 levels were insufficient for 
antagonism (Fig. 3).  In the presence of CO2 concentrations above 1.0%, plant leaf orientation 
tends to be hyponastic rather than epinastic (Dhawan et al., 1981).  Untreated tomato plants were 
not hyponastic, further demonstration that CO2 levels were below the critical threshold in which 
ethylene action is prevented.  There were no significant treatment effects on percent cover or 
turfgrass quality of creeping bentgrass plugs.  Percent cover and turfgrass quality consistently 
declined throughout the duration of the exposure to heat stress and was consistent with previous 
work (Xu and Huang, 2007; Xu and Huang, 2009).  Percent cover and turfgrass quality were 
significantly different for DAT (Table 3).  Major decline in percent cover and turfgrass quality 
was measured at 14 days following treatment coinciding with as many days plants were 
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subjected to heat stress and consistent with previous work (Xu and Huang, 2007; Xu and Huang, 
2009). 
Discussion 
 Percent cover and turfgrass quality of creeping bentgrass was not affected by exogenous 
ethylene in the studies performed.  There has been much concern in the literature involving the 
antagonism of CO2 to ethylene action.  Although CO2 levels were not monitored, the significant 
epinastic movement of tomato plants treated with ethylene using this methodology indicated that 
CO2 levels were below the threshold for ethylene antagonism, and therefore, the lack of visible 
response of creeping bentgrass to ethylene indicated a level of insensitivity to the hormone.  
However, an additional ethylene antagonist could have prevented any ethylene action in this 
experiment as previous work demonstrated that elevated levels of O2 potentially decreased tissue 
sensitivity to ethylene without retardation of growth or reduced respiration rates in pea sections 
(Burg and Burg, 1967).  While this could be the case, it does not explain the ethylene response 
exhibited by the tomato plants which would also be less sensitive to ethylene in elevated O2 
concentrations.    
Ethylene action in turfgrass is most likely connected to other hormone levels, and 
applications of exogenous ethylene may not be sufficient to produce an effect if the plant was not 
conditioned to respond.  For example, increased accumulation of ethylene from creeping 
bentgrass subjected to heat stress in previous work (Xu and Huang, 2007) was significantly 
different from the control group starting at 14 days after stress initiation, which would indicate 
that the turf would have been sensitive to ethylene at the same time.  Therefore, it is likely that 
the application of exogenous ethylene in the present study was premature as treatment with 
ethylene occurred during the first day of heat stress.  Turf treated with ethylene after 14 days of 
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heat stress may have responded by hastening the process of leaf senescence.  Further 
investigations should be performed using flow-through systems to remove concern for CO2 or O2 
antagonism of ethylene action with various ethylene application timings to test if conditioning is 
necessary for a response.  Additionally, the results of this study indicate that creeping bentgrass 
does not respond to exposure to exogenous ethylene in a closed system, but does not refute the 
evidence that ethylene has a negative impact on turfgrass growth as seen in previous work.  
Instead, the studies performed here indicate that the effects of ethylene on turfgrass growth and 
stress tolerance are complex.  Responses to ethylene in turfgrass likely require chronic low-level 
exposure in addition to stress and hormonal preconditioning. 
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Tables and figures 
 
Table 1. Means of percent cover and turfgrass quality at 0, 1, 4, 7, 14, 21, and 28 days after 
treatment of creeping bentgrass plugs exposed to various concentrations of exogenous ethylene 
in a completely randomized design.  Turfgrass plugs were grown in a climate controlled 
greenhouse. 
Ethylene Concentration df Percent cover Turfgrass quality 
µL·L
-1 †
   1-9 scale
‡ 
0  82.8 7.46 
250  85.5 7.51 
500  83.1 7.53 
750  86.7 7.54 
1000  84.5 7.52 
1250  83.3 7.49 
1500  86.4 7.51 
2000  82.8 7.54 
2500  83.6 7.43 
5000  84.2 7.59 
 ANOVA 
Source of variation    
     Treatment (T) 9 NS
§ 
NS 
     Experimental run (R) 1 NS NS
 
     R x T 9 NS NS 
† Concentrations of ethylene were achieved by injecting pure ethylene into glass containers via 
septa installed in lids. 
‡ Turfgrass quality was visibly rated based on color, density, uniformity on a 1 to 9 scale with 9 
representing dark green, dense turf and 1 representing dead turf (Horst et al., 1984). 
§ NS = not significant 
 
 
 
 
  
 
2
3
 
Figure 1. Images of creeping bentgrass (Agrostis stolonifera cv. Penn A-1) plugs collected 21 days after 72 hours of exposure to 
ethylene concentrations of A) 15,000 µL·L
-1
 B) 0 µL·L
-1
 in sealed glass containers showing no differences in percent cover or 
turfgrass quality (Photographer: William Strunk. Used with permission.). 
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Table 2.  Petiole epinasty in tomato plants treated with concentrations of 0, 250, 750, and 15,000 
µL·L
-1
 ethylene for 24 h in sealed glass containers in a growth chamber set to 35°C/30°C 
(day/night) with 14 h photoperiod at 400 µmol·m
-2
·s
-1
 and 50% average relative humidity. 
Ethylene concentration df Epinastic movement
† 
µL·L
-1
  cm 
0  0.3 C
‡ 
250  2.8 B 
750  3.6 A 
15000  2.6 B 
 ANOVA 
Source of variation   
     Block 6 NS
§ 
     Treatment 3 *** 
     Growth chamber (G) 1 NS 
     T x G 3 NS 
* = significant at P ≤ 0.05 
** = significant at P ≤ 0.01 
*** = significant at P ≤ 0.001 
† Epinastic movement was determined by measuring the vertical distance the petiole of the 
oldest leaf moved. 
‡ Values followed by the same letter are not significantly different (LSD,  = 0.05) 
§ NS = not significant 
 
  
 
2
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Figure 2. Image of tomato (Lycopersicon esculentum cv. Roma) plants collected directly after being subjected to exogenous ethylene 
concentrations of 0, 250, 750, and 15,000 µL·L
-1
 for 24 h in sealed glass containers in a growth chamber set to 35°C/30°C (day/night) 
with 14 h photoperiod at 400 µmol·m
-2
·s
-1
 and 50% average relative humidity demonstrating epinastic leaf orientation (Photographer: 
William Strunk. Used with permission.).
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Table 3. Mean separation of percent cover and turfgrass quality of creeping bentgrass plugs 
subjected to 0, 250, 500, and 15,000 µL·L
-1
 concentrations of exogenous ethylene and heat stress 
averaged for days after treatment.  Treatments were arranged in a randomized complete block 
design, and the experiment was conducted twice in two separate growth chambers. 
Days after treatment df Percent cover Turfgrass Quality 
   1-9 scale
† 
0  86.2 AB
‡ 
7.79 A
 
1  88.9 A 7.66 AB 
4  78.6 BC 7.66 AB 
7  75.8 C 7.29 BC 
14  72.6 C 7.16 C 
21  69.7 C 6.59 D 
28  55.2 D 6.18 D 
 ANOVA 
Source of variation    
     Block 6 NS
§ 
NS
 
     Treatment (T) 3 NS NS 
     Growth chamber (G) 1 NS NS 
     DAT 6 *** *** 
     T x G 3 NS NS 
     T x DAT 18 NS NS 
     G x DAT 6 NS NS 
     T x G x DAT 18 NS NS 
* = significant at P ≤ 0.05 
** = significant at P ≤ 0.01 
*** = significant at P ≤ 0.001 
† Turfgrass quality was visibly rated based on color, density, uniformity on a 1 to 9 scale with 9 
representing dark green, dense turf and 1 representing dead turf (Horst et al., 1984). 
‡ Values followed by the same letter are not significantly different (LSD,  = 0.05) 
§ NS = not significant; DAT = days after treatment 
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III. Effects of Ethylene Inhibition on Tolerance of Creeping Bentgrass Putting Greens to 
Tournament Conditions 
Abstract 
Creeping bentgrass has been used in areas of the United States, such as the transition 
zone, that have temperatures outside the growing optimum for creeping bentgrass.  Recent 
studies have shown that under high temperature stress, the production of the plant stress hormone 
ethylene was increased in creeping bentgrass in controlled environment experiments.  In 
addition, other stressors such as wounding have been shown to stimulate ethylene production in 
many plants.  Tournament conditions in putting green management in places where high 
temperature stress is prevalent may be some of the most stressful conditions for turf.  During 
tournaments, mowing heights are lowered, mowing frequency increased, light weight rolling is 
added, and irrigation is reduced to produce hard and fast putting surfaces.  However, these 
practices are detrimental to the overall quality of the turf and slow the recovery afterwards.  The 
objective of this study was to evaluate the effectiveness of an ethylene inhibiting compound on 
reducing the effects of tournament conditions on turfgrass quality.  No significant differences 
were noted across any treatments from applications of aminoethoxyvinylglycine hydrochloride 
or the untreated control for turfgrass quality, color, relative chlorophyll content, or tiller density.  
The lack of differences may be attributed to a cooling of temperatures over the evaluation period. 
Introduction 
One of the major drawbacks of creeping bentgrass (CB) has always been its inherent 
intolerance to heat stress, the effects of which are often compounded by high intensity 
maintenance regimes required to produce surface characteristics of particular playability.  
Research has consistently demonstrated the effects of heat stress on CB as reduced visual 
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turfgrass quality, decreased photosynthetic rate, reduced photochemical efficiency, decreases in 
vertical shoot extension, increased root mortality, and increased root electrolyte leakage (Liu et 
al., 2002; Xu and Huang, 2007; Xu and Huang, 2009; Zhang and Ervin, 2008).  In addition, the 
low mowing heights (≤ 3.0 mm) normally used for putting greens have been shown to further 
exaggerate the effects of heat stress as well as increase respiration rates (Liu and Huang, 2002).   
 Many of the responses associated with heat stress and low mowing heights are 
characteristic of the process of leaf senescence, and endogenous levels of plant hormones have 
been correlated to leaf senescence of CB subjected to heat stress (Xu and Huang, 2007).  
Ethylene was positively correlated to decreases in turf quality, photochemical efficiency, and 
pigment levels such as chlorophyll and carotenoids (Xu and Huang, 2009).  The effects of 
ethylene have also been attributed to wound response as evident by increases in ethylene 
production of Kentucky bluegrass (Poa pratensis) infected by Bipolaris sorokiniiana (Coleman 
and Hodges, 1987) and increases in ethylene production in CB after mowing with dull and 
poorly adjusted mowers (Howieson, 2005).  Considering the demonstrated effects of ethylene, it 
could be considered that the decline of CB from heat and maintenance stresses is the result of 
leaf senescence induced or hastened by ethylene.  Furthermore, Xu and Huang (2009) 
demonstrated that heat induced leaf senescence could be delayed by inhibiting endogenous 
production of ethylene using aminoethoxyvinylglycine (AVG) and suggested that ethylene 
inhibiting compounds such as AVG could be used to alleviate injury from summer heat stress.   
Preparation for championship and tournament play on golf course putting greens imposes 
considerable stress on the turf (Beard, 2002), which can lead to deterioration of turfgrass quality, 
especially during periods of heat stress.  Commonly used practices to prepare and maintain 
putting greens for tournament play are double-mowing and rolling (USGA, 2012).  In addition, 
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depending on putting green speed and surface firmness requirements, mowing heights may also 
be lowered and irrigation reduced.  Research has demonstrated that double-cutting is more 
damaging to turf than single (Howieson and Christians, 2008), rolling everyday as would be 
required for a tournament reduces turfgrass quality (Hartwiger et al., 2001), and lowering 
mowing heights during summer months leads to decreases in root growth and turfgrass quality 
(Liu and Huang, 2002).  Although not investigated in the study by Xu and Huang (2009), the 
negative effects associated with tournament preparation and play could potentially be offset 
through the use of ethylene inhibitors.  Therefore, the objectives of this study was to determine 
the tolerance of CB to a commercially available AVG based product and if AVG could enhance 
the tolerance of a CB putting green to stresses associated with tournament play during the 
summer in the transition zone. 
Determining phytotoxicity of an AVG based product 
A randomized complete block design with six treatments and five replications was 
created on an established A. stolonifera cv. Penn A1 putting green at the University of Arkansas 
Research and Extension Center in Fayetteville, Arkansas.  The study was initially conducted in 
June of 2010 and was repeated in June of 2011.  Five application rates of a commercially 
available AVG based product (ReTain,15% AVG, Valent Biosciences, Walnut Creek, CA) and 
an untreated control were applied using a CO2 spraying system and a low volume hollow cone 
nozzle on plots measuring 0.21 m
2
 (Table 1).  All applications were made using a spray shield to 
prevent contamination of neighboring plots and produce consistent applications among 
treatments.  Digital images were collected at 0, 1, 4, 7, 21, and 28 days after application of the 
product and analyzed for turfgrass color as dark green color index (DGCI) according to 
published methods (Karcher and Richardson, 2003; Karcher and Richardson, 2005) to determine 
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if any application rates were phytotoxic to creeping bentgrass maintained as a putting green. The 
effects of application rate of the product, the change over time, and the interaction of the two 
were analyzed for statistical significance using analysis of variance in the mixed procedure in 
SPSS (SPSS Statistics v.22, IBM Corporation, Armonk, NY).  Mean separation of significant 
effects was conducted using Fisher’s least significant difference (LSD) at a 0.05 level of 
probability. 
Phytotoxicity results and discussion 
When product rates were averaged over time, there were no significant differences in 
DGCI among rates or the non-treated control.  All product rates were acceptable on creeping 
bentgrass over the testing period even though the higher rates caused some injury, but the injury 
was only evident when treatments were analyzed in relation to time (Table 2).  Injury, or 
significant decreases in DGCI, was evident at 4, 7, and 14 days after treatment with DGCI 
averages of 0.701, 0.763, and 0.773, respectively.  At 21 days after treatment, turfgrass color 
differences were gone.  The interaction between product rate and days after treatment was 
significant.  This significant interaction indicated that a detrimental effect on turfgrass color 
occurred at different days after treatment for particular application rates of the product.  The two 
highest rates had significant injury on 4, 7 and 14 days after treatment, although the worst injury 
occurred at 4 and 7 days (Fig. 1).  From the results of this study, the AVG based product can 
safely be applied to creeping bentgrass putting greens. 
Experimental design and procedures for ethylene inhibition and tournament conditions 
 The study was performed on a mature creeping bentgrass putting green built to USGA 
specifications (USGA, 2004) at the Research and Extension Center in Fayetteville, AR during 
July and August of 2011 and 2012, coinciding with the typically hottest time during the year.  
 32 
 
The experiment was conducted on A. stolonifera cv. Penn A1 and L93 in 2011 and 2012, 
respectively.  Treatments were arranged in a randomized split-plot design with four replications.  
Whole plots received either a two week period of simulated tournament conditions or were 
consistently maintained according to regional standards throughout the eight week 
experimentation period.  Whole plots that received tournament treatment were maintained 
according to regional standards outside of the two week tournament simulation.  Sub-plots 
treatments included applications of an AVG based product (ReTain, 15% AVG, Valent 
Biosciences Corporation, Walnut Creek, CA) at a rate of 0.158 kg per hectare as well as an 
untreated control and differed by application timing.  The application rate for the product was 
based on published research (Xu and Huang, 2009) and the study described previously.  
Applications were made weekly starting at the initiation of the study and ending when 
tournament conditions were completed, weekly for the two weeks of tournament conditions, and 
weekly starting at the initiation of tournament conditions and continuing until study completion.  
The study was conducted for eight weeks with three weeks before and after tournament 
conditions. 
 Outside of the tournament maintenance procedures used for two weeks during 
experimentation for whole plots receiving tournament treatment, the putting green was managed 
in accordance to regional standards.  The mowing height for the putting green was maintained at 
3.1 mm using a triplex mower (Greensmaster 3150, The Toro Company, Bloomington, MN), and 
the mowing frequency was single cutting six days per week.  Nitrogen fertility was foliar applied 
at a rate of 9.8 kg of nitrogen per hectare in the form of urea biweekly, and all other nutrients 
were provided to maintain adequate levels as determined by a soil test.  Irrigation was provided 
as needed to replace 100 % ET, and a wetting agent (Revolution, Aquatrols, Paulsboro, Nj) was 
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used to alleviate localized dry spot and applied according to label rates.  Trinexapac-ethyl (Primo 
Maxx, Syngenta Crop Protection Inc., Greensboro, NC) was applied at a rate of 0.4 L per hectare 
every 21 days.  For plots that received tournament treatment, maintenance procedures were 
altered for a two week period to simulate conditions that would be found on a golf course hosting 
championship or tournament golf.  At the start of tournament conditions, the mowing height was 
lowered by 0.13 mm per day until the target height of 2.5 mm was reached.  Mowing frequency 
was increased to triple cutting seven days per week using a walk greensmower (Greensmaster 
Flex 2100, The Toro Company, Bloomington, MN).  In addition, plots were rolled daily (RS48, 
Tru-Turf Pty Ltd, Queensland, Australia) in two directions.  Irrigation was limited to hand 
watering to maintain volumetric soil moisture above 10% and below 15% as measured by time 
domain reflectometry moisture probes (TDR 300, Spectrum Technologies, Plainfield, IL).  All 
other maintenance procedures remained the same as described previously. 
Plots were rated weekly for visual turfgrass quality based on color, density, and 
uniformity on a scale of 1 to 9, with 9 representing highest quality uniform and dark green turf 
and 1 representing dead turf.  A rating of 6 was considered acceptable (Horst et al., 1984).  A 
digital image was collected for each plot weekly and analyzed for turfgrass cover and color as a 
dark green color index (DGCI) according to previously published methods (Richardson et al., 
2001; Karcher and Richardson, 2003; Karcher and Richardson, 2005).  Chlorophyll index was 
measured using a chlorophyll meter (CM 1000, Spectrum Technologies Inc., Aurora, IL) weekly, 
and measurements were taken from chest height at approximately the same time (mid-afternoon) 
on cloudless days.  Tiller density was collected according to published methods (Lyons et al., 
2011) by collecting three 3.5 cm diameter cores from each plot and counting the number of 
tillers.  Cores were collected at the beginning and ending of the trials.  The effects of 
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maintenance procedures, application time of the product, and the interaction of the two were 
analyzed for statistical significance using analysis of variance in the mixed procedure in SPSS 
(SPSS Statistics v.22, IBM Corporation, Armonk, NY).  Mean separation of significant effects 
were conducted using Fisher’s least significant difference (LSD) at a 0.05 level of probability.  
Due to differences in cultivars tested and pest infestation of the experimental area in 2011, data 
were analyzed and displayed separately by year. 
Maintenance procedures and application timing on Penn A1 
 There were no significant effects resulting from maintenance procedures, application 
timing of the product, or the interaction of maintenance procedures and application timing for 
plots of A. stolonifera cv. Penn A1 in 2011 (Table 3).  Percent turfgrass cover was not 
significantly different for any treatment or combination of treatments and ranged from 91.3 to 
98.9%.  The DGCI ranged 0.728 to 0.790, and relative chlorophyll content ranged from 376 to 
562.  Turfgrass quality ranged from 5.5 to 7.5.  During the second week of experimentation in 
2011, damage from sod webworms (Crambus spp.) became evident and was rated as percent of 
insect damage similar to methods using digital image analysis to determine percent of disease 
damage (Horvath and Vargas, 2005). Control of the sod webworms was delayed for four days to 
determine if damage resulting from sod webworm or recovery from damage was affected by 
whole or sub plot treatments.  However, there were no significant differences between 
maintenance procedures or among product application timings. Injury resulting from sod 
webworms did not recover during the experimentation period, and the reduced turfgrass cover 
measurements and poor turfgrass quality ratings were related to the infestation. 
Maintenance procedures and application timing on L93 
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 Main effects of maintenance procedures were significant for ratings of percent turfgrass 
cover, DGCI, and tiller density for plots of A. stolonifera cv. L93 in 2012 (Table 4).  Plots that 
received the two week period of tournament simulation were negatively affected with significant 
reductions in percent turfgrass cover (-1.2%), DGCI (-0.073), and tiller density (-16.4 tillers per 
in
2
).  Visual ratings of turfgrass quality and measurements of chlorophyll index were not 
significantly different between maintenance procedures.  There were no significant effects 
resulting from application timing of the product or significant interaction between maintenance 
procedures and product timing.  Maintenance procedures were adequately stressful to induce 
negative responses in plots receiving tournament conditions, but applications of the AVG 
containing product were unable prevent or lessen the effects of tournament conditions as 
indicated by the lack of significance of the interaction. 
Discussion 
 Results from this study do not confirm research previously performed that demonstrated 
the positive effects of AVG as a method to limit damage related to heat stress.  In the work 
conducted by Xu and Huang (2009) in which AVG was successfully used to delay the effects of 
heat stress, creeping bentgrass was subjected to heat stress of 35°C for 35 days in a growth 
chamber.  In the present study, the average temperature for July and August was 28.5°C in 2011 
and 26.7°C in 2012 (Fig. 2).  While daily maximum temperatures during experimentation were 
consistently above optimum growth for creeping bentgrass, the daily fluctuation of temperature 
often resulted in periods of temperatures within the optimum growth range and lessened the 
effect of heat stress.  The lack of results regarding the effectiveness of AVG in Retain in 
delaying the onset of stress compared to that of previous research was considered related to the 
differences in heat stress exposure between the two studies.   
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 Additionally, the procedures for tournament conditions may have not been stressful 
enough to reveal the ability of the product to delay the effects.  In 2011, the tournament 
simulation was ineffective in producing a negative response as indicated by the lack of 
significance.  Conversely, the tournament simulation in 2012 was significant and induced a 
negative response through decreases in percent turfgrass cover, DGCI, and tiller density.  With 
the exception of tiller density, decreases in percent turfgrass cover and DGCI in 2012, while 
statistically significant, were of minimal practical significance.  A decrease in turfgrass cover of 
1.2% and change of DGCI by 0.073 would likely be unnoticed by most as indicated by the 
similar visual rating in turfgrass quality.  Had the delineation between the maintenance 
procedures been greater through the creation of more stress during the tournament simulation 
such as the inclusion of traffic, the delay of stress-related injury from AVG may have been more 
significant. Furthermore, the lack of response to the applications of the product may also have 
been related to the application timing.  In the present study, applications of the product were 
made before, during, or after tournament simulation.  There was no comparison for applications 
of the AVG based product made throughout the experimentation period.  The potential exists that 
the use of AVG to alleviate or delay symptoms related to stress may include season long use.  In 
previous work, applications of AVG were made throughout the period of stress.  However, in 
this study, applications of the AVG containing product began at the start of experimentation in 
July for treatments receiving the before application, but the potential for heat stress in the field 
began a month or more earlier.  The turf could have been preconditioned by temperature and 
other stresses leading up to the experimentation period which could have limited the effects of 
the product.  Further investigation into the effects of AVG is warranted considering the success 
of previous research and lack of validation in the current study.  
 37 
 
Tables and figures 
 
Table 1.  Application rates of a commercially available AVG based product tested on a creeping 
bentgrass putting green at the Research and Extension Center of the University of Arkansas. 
Treatment       Application rate 
    
kg hectare
-1
 
1 
   
0 
2 
   
0.158 
3 
   
0.316 
4 
   
0.476 
5 
   
0.791 
6       1.58 
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Table 2.  Average dark green color index (DGCI) for days after treatment with an AVG based 
product or non-treated as the control.  Dark green color index was determined using digital 
image analysis according to published methods. 
Days after treatment   DGCI 
0 
 
0.867 A† 
1 
 
0.891 A 
4 
 
0.701 C 
7 
 
0.763 BC 
14 
 
0.782 B 
21 
 
0.824 AB 
28   0.848 AB 
† Means followed by the same letter do not significantly differ at the α=0.05. 
 
  
 
3
9
 
 
Figure 1.  Average dark green color index (DGCI) for the interaction of days after treatment and application rate of a commercially 
available AVG based product determined by digital image analysis.  The vertical bar indicates statistical significance (LSD; α = 0.05). 
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Days after treatment 
Control 0.158 kg/ha 0.316 kg/ha 0.476 kg/ha 0.791 kg/ha 1.58 kg/ha
 40 
 
Table 3. Percent green cover (PC), dark green color index (DGCI), turfgrass quality (TQ), 
chlorophyll index (CI), tiller density (TD), and percent insect damage (PI) of Agrostis stolonifera 
cv. Penn A1 as affected by maintenance procedures or applications of ReTain at various timings. 
Treatment  PC† DGCI TQ CI TD PI 
Maintenance (M)‡ 
     Standard 
     Standard + tournament 
AVG (A)§ 
     Untreated 
     Before 
     During 
     After 
      
95.2 0.770 6.5 461 14.8 6.1 
95.2 0.769 6.5 468 14.6 6.0 
      
95.1 0.770 6.5 461 15.9 6.2 
95.3 0.770 6.5 471 14.7 6.0 
95.2 0.767 6.6 453 13.6 6.1 
95.3 0.771 6.6 475 14.6 5.9 
Source of variation df ANOVA 
     Block 3 NS NS NS NS NS NS 
     M 1 NS NS NS NS NS NS 
     A 3 NS NS NS NS NS NS 
     M x A 3 NS NS NS NS NS NS 
CV, %  2.3 1.8 6.9 12.0 16.9 34.7 
† PC, percent green cover (0-100%); DGCI, dark green color index (0-1); TQ, turfgrass quality 
(1-9); CI, chlorophyll index (0-999); TD, tiller density (tillers per cm
2
) ; PI, percent insect 
damage (0-100%); AVG, aminoethoxyvinylglycine; NS, nonsignificant 
‡ Maintenance of the turf was in accordance to regional standards except for blocks that received 
tournament play in which mowing height was reduced, mowing frequency increased, rolling 
introduced, and irrigation reduced for a two week period. 
§ Turfgrass plots were not treated with ReTain or were treated with ReTain for three weeks 
before tournament conditions, for two weeks during tournament conditions, or for three weeks 
after tournament conditions ended. 
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Table 4. Percent green cover (PC), dark green color index (DGCI), turfgrass quality (TQ), 
chlorophyll index (CI), tiller density (TD), and percent insect damage (PI) of Agrostis stolonifera 
cv. L93 as affected by maintenance procedures. 
Treatment  PC† DGCI TQ CI TD 
Standard 
Standard + tournament 
 99.8 A‡  0.838 A 7.2 479.3 15.0 A 
 98.6 B  0.765 B 7.2 474.4 12.5 B 
Source of variation df ANOVA 
     Block 3 NS NS NS NS NS 
     M 1 *** *** NS NS ** 
     A 3 NS NS NS NS NS 
     M x A 3 NS NS NS NS NS 
CV, %  1.4 5.6 6.3 9.8 25.6 
** Significant at 0.01 level of probability 
*** Significant at 0.001 level of probability 
† PC, percent green cover (0-100%); DGCI, dark green color index (0-1); TQ, turfgrass quality 
(1-9); CI, chlorophyll index (0-999); TD, tiller density (tillers per cm
2
) ; NS, nonsignificant 
‡ Within columns, means followed by the same letter are not significantly different according to 
LSD (0.05). 
 
 
  
 
4
2
 
 
Figure 2. Maximum and average temperatures measured for July and August of 2011 and 2012 measured in Fayetteville, Arkansas by 
the National Oceanic and Atmospheric Administration.  Dashed lines represent the optimum range of temperatures for growth (16-
24°C) of Agrostis stolonifera as defined by Beard (1973).  Tournament conditions occurred between 21 and 35 days. 
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IV. Golf Ball Lie of Fairways is Affected by Bentgrass Species and Cultivar 
Abstract 
Golf ball lie is an important factor affecting playability of fairway turf.  Several research 
publications have evaluated cultural practices, fertility, and plant growth regulators effects on 
ball lie as well as compare species and cultivars for differences.  However, most of the emphasis 
in ball lie research has been limited to warm season turf species.  Creeping bentgrass (Agrostis 
stolonifera) and colonial bentgrass (A. capillaris) are commonly used cool-season turfgrasses for 
golf course fairways and were the subject of this study for evaluation of ball lie capabilities.  A 
National Turfgrass Evaluation Trial was used to study ball lie for 20 cultivars of creeping 
bentgrass and seven cultivars of colonial bentgrass.  Plots were maintained at a height of 0.5 inch 
and received 10.9 lb N acre
-1
 and 6 oz acre
-1
 of trinexapac-ethyl during the active growing 
season.  Golf ball lie was measured according to previously published methods over three days in 
September and April of 2009 and 2011, respectively.  Average ball lie was greatest in 2011 
compared to 2009.  Much of the difference between the testing years was attributed to health of 
the turf in response to time of year.  Several cultivars of both creeping and colonial bentgrass 
were consistently in the top statistical group for both years.  The change in ball lie was calculated 
by subtracting ball lie measured two days following mowing from ball lie measured directly after 
mowing and ranged from 0.3-4.0% for the species and cultivars tested. 
Introduction 
Golf ball lie is the position at which a ball is located within a turfgrass canopy. The 
ability of the turf to support the weight of a golf ball and thus providing good ball lie has been 
attributed to a variety of maintenance practices including mowing height and frequency, fertility, 
and applications of plant growth regulators (Cella et al., 2004; Cella et al., 2005; Kowaleski et 
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al., 2012; Richardson et al., 2010; Trappe et al., 2011). For example, Kowalewski et al. (2012) 
demonstrated that the use of trinexapac-ethyl improved ball lie of ‘Tifsport’ bermudagrass 
(Cynodon dactylon x C. transvalensis) regardless of mowing height, and in addition, simply 
lowering the height of cut also improved ball lie.  Richardson et al. (2010) showed that ball lie 
differed for cultivars within the same genus of bermudagrass (Cynodon spp.) and zoysiagrass 
(Zoysia spp.) and that method of establishment also had an effect on ball lie, especially at higher 
heights of cut.  Further, the authors suggested that cultivar selection could have an impact on 
playability (Richardson et al., 2010).  Trappe et al. (2011) studied the differences in ball lie of 
unmown bermudagrass and zoysiagrass cultivars to determine whether one species or cultivar 
was superior, and showed that hybrid bermudagrass had the best ball lie, superior to common 
bermudagrass (C.dactylon), Japanese lawngrass (Z. japonica), and manilagrass (Z. matrella). The 
authors noted that no differences in ball lie were seen when measurements were collected 
directly after mowing at fairway height (Trappe et al., 2011). 
 While the effects on ball lie for species and cultivars of bermudagrass and zoysiagrass 
have been well documented, little emphasis has been placed on the evaluation of ball lie of cool-
season grasses.  Cella et al. (2005) evaluated ball lie differences in fairway height Kentucky 
bluegrass cultivars (Poa pratensis), and related the variability in ball lie from cultivars to 
differences in tillering.  Kentucky bluegrass, however, is not commonly used as fairway turf 
considering the requirement for taller heights of cut, and at lower heights of cut, Kentucky 
bluegrass may suffer from infestation of annual bluegrass (P. annua) and creeping bentgrass 
(Agrostis stolonifera) (Beard, 2002; Turgeon 2002).  Instead, bentgrass species are more often 
selected for use on golf course fairways in locations where climatic conditions are favorable 
(Beard, 2002).  In a separate study, Cella et al. (2004) compared ball lies of six cultivars and two 
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species of bentgrass (A. stolonifera and A. capillaris) maintained at fairway height.  The authors 
demonstrated that there were significant differences among cultivars and between species, but 
noted that the poorest ball lie was above 90 percent of the ball exposed and within five percent of 
the statistical top performance (Cella et al., 2004).  Other authors have noted, though, that the 
greatest differences in ball were best seen at greater heights of cut (Richardson et al., 2010), and 
in the case of Trappe et al. (2011), ball lie differences were primarily detected when turf was left 
unmown for several days.  Therefore, there is a need to evaluate the differences in ball lie of 
cultivars of commonly used bentgrass species for golf course fairways on a greater scale than 
Cella et. al. (2004) as prior research of ball lie of several turfgrass species have demonstrated 
significant differences among species and cultivars (Richardson et al., 2010; Trappe et al., 2011) 
and other authors have indicated the importance of cultivar selection related to ball lie (Beard, 
2002).  In addition, there is a need to evaluate the change of ball lie over several days after 
mowing similar to work conducted by Trappe et al (2011) to evaluate the impact of cultivar 
selection on playability between mowing events.  It was the objective of this study to evaluate 
differences of ball lie for species and cultivars of bentgrass maintained at fairway cutting heights 
over several days following mowing. 
Experimental procedures 
 A National Turfgrass Evaluation Program (NTEP) bentgrass fairway/tee trial of 20 
cultivars of creeping bentgrass (CR) and seven cultivars of colonial bentgrass (CO) in a 
randomized complete block design with three replications was used to conduct this study (NTEP, 
2013).  The site was fumigated with methyl bromide at 489 lb acre
-1
 prior to planting of the field 
on 1 October 2008, and the soil of the site was a Captina silt loam (typic hapludult).  Plots 
measured 36 ft
2
 and were maintained at a 0.5 inch height of cut.  Nitrogen fertilizer was applied 
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at a rate of 10.9 lb N acre
-1
 during months of active growth.  Irrigation was supplied to prevent 
the onset of drought stress.  Trinexapac-ethyl was applied during active growth at a rate of 6 oz 
acre
-1
 every 28 days. 
 Golf ball lie was measured in accordance to previously published methods using digital 
image analysis (Richardson et al., 2010) on 9, 10, and 11 September 2009 and 12, 13, and 14 
April 2011 to correspond to 0, 1, and 2 days following mowing (DFM).  Three red golf balls 
(Plain color golf balls, UMX inc., Walnut, CA) were rolled onto plots using a ramp that released 
the balls at a consistent height and velocity in accordance to previously published methods 
(Richardson et al., 2010).  Average ball lie was calculated for the three balls, and analysis of 
variance and orthogonal contrasts were conducted on the cultivar and species means.  Separation 
of means was performed using Fisher’s Protected LSD at the  = 0.05 level.  Additionally, the 
change () in ball lie from day zero to day two was calculated for the means of each plot and was 
analyzed similar to above.   
Ball lie differences for cultivars, days, and years 
Significant main effects of cultivars, DFM, and years on ball lie were present.  In 
addition, several interactions were found to be significant, and thus, interactions will comprise 
the bulk of the discussion (Table 1).  The significant interaction of year x DFM demonstrated the 
variable health of turf depending on season (Table 2).  Ball lie for all cultivars was less in 2009 
for all days compared to ball lie for zero and two DFM in 2011.  Periods of summer heat stress 
have been shown to reduce the density of cool-season turf species on fairways (Beard, 2002), 
and in this case, the heat stress induced canopy thinning of bentgrass species grown in Northwest 
Arkansas was likely responsible for the differences in days for the two years.  Measurements in 
2011 were conducted in the spring after the turf had sufficient time to recover from summer heat 
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stress and increase canopy density, and thereby, were better able to support the weight of a golf 
ball.  It was interesting to note that 2 DFM had greater ball exposure compared to 1 DFM in 
2011, and this difference was attributed to the inherent fine texture nature of bentgrasses which 
resulted in leaves becoming more prostrate at greater lengths. 
The significant interaction of cultivar and year reemphasized the difference in ball lie 
over the two measurement years as every cultivar tested had statistically better ball lie in 2011 
compared to 2009 (Table 3). The cultivars (12 creeping bentgrasses and three colonial 
bentgrasses) with the highest ball lies in 2011 were SR-1020, Crystal Bluelinks, blend of 
Pennlinks II and Penneagle II, L-93, Pure Select, Authority, BCD, CY-2, Benchmark DSR, A08-
EBM, 007, Declaration, Greentime, T-1, and SRP-1WM.  The creeping bentgrass cultivar SR-
1020 had the greatest mean ball lie, significantly better than 44 percent of the cultivars tested.  In 
2009, the top performing cultivars (18 creeping bentgrasses and zero colonial bentgrasses) for 
ball lie were CY-2, Declaration, Luminary, SR-1020, blend of Pennlinks II and Penneagle II, 
Pin-Up, T-1, Tyee, Memorial, Barracuda, Proclamation, L-93, Pure Select, Crystal Bluelinks, 
Authority, Benchmark DSR, 007, and SRP-1WM, and CY-2 significantly outperformed 33 
percent of those tested.  Cella et al. (2004) demonstrated that L-93 had better ball lie than other 
cultivars tested, and in this study, L-93 consistently performed in the top statistical group for 
both years.  In addition, Penncross was not a top performer in either of the years of this study 
congruent with performance in previous research (Cella et al., 2004).  Further, research 
conducted by Cella et al. (2004) demonstrated that for all cultivars tested, ball lie (percentage of 
golf ball exposed) was greater than 90 percent, similar to the results from this study. 
The interaction of cultivar and DFM was significant, but when simple effects were 
examined, significant ball lie differences of cultivars were only detected for one and two DFM 
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(Table 4).  The lack of significance on 0 DFM confirmed previously reported findings as 
differences in ball lie were not present for cultivars or species directly after mowing (Trappe et 
al., 2001).  Barracuda, CY-2, SR-1020, Declaration, blend of Pennlinks II and Penneagle II, 
Authority, Pin-Up, L-93, 007, Proclamation, Alister, Pure Select, Luminary, BCD, and T-1 were 
in the top statistical group for ball lie at 1 DFM. Out of the 27 cultivars tested, 55% were 
included in the top statistical group including two of the seven colonial bentgrass cultivars.  At 2 
DFM, the top statistical performers consisted of only 30% of the cultivars tested and included the 
blend of Pennlinks II and Penneagle II, Pure Select, SR-1020, Crystal Bluelinks, T-1, Benchmark 
DSR, Luminary, and SRP-1WM, none of which were cultivars of colonial bentgrass.   
Several contrast comparisons of ball lie between species were significant.  Comparison of 
creeping bentgrass to colonial bentgrass in 2009 (across DFM) yielded significance and 
demonstrated that creeping bentgrass had statistically greater ball lie.  Additionally, it supported 
the inference that colonial bentgrass is lacking as a fairway turf compared to creeping bentgrass 
considering its limited heat tolerance (Beard, 2002), and in the case of ball lie, differentiation 
between creeping and colonial bentgrass would be greatest following summer heat stress in 
which creeping bentgrass has the advantage.  Contrast of ball lie for species in 2011 was not 
significant and could be resultant of canopy recovery from thinning of turf following summer.  
Two of the three DFM were significant for contrasts of creeping to colonial bentgrass.  
Differences were greatest at 1 and 2 DFM.  However, species were not significantly different 
directly after mowing, which was congruent with other research that demonstrated cultivars of 
bermudagrass and zoysiagrass, maintained at fairway height, were not significantly different 
when measured following mowing (Trappe et al., 2011).  Instead, the authors noted that 
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differences occurred after five days after mowing (Trappe et al., 2011) similar to findings of this 
research.   
Effects of years and cultivars on  ball lie 
 The change in ball lie was calculated by subtracting ball lie at two DFM from the initial 
ball lie (0 DFM) to estimate the rate of change.  There was a significant difference of  ball lie 
between measurement years (data not shown).  In 2009, the difference in ball lie between 0 and 2 
DFM was 3.9, while in 2011,  ball lie was 0.7.  The change in ball lie has not previously been 
examined prior to this research, but it could be concluded that the difference between the two 
years was the result of seasonal differences.  For instance, the density of the canopy was likely to 
thinner in 2009 as evaluations were conducted following summer heat stress, and turf density of 
cool-season grasses is known to decrease under heat stress (Beard, 2002).  Therefore, as the turf 
leaves grew, the golf ball continued to sit lower in the canopy, and ball lie measurements 
decreased as the longer leaf tissue covered the ball.  In 2011, measurements were conducted 
during active growth in the spring after the turf had sufficient time to recover from summer heat 
stress, and therefore, the density of the canopy was greater and better able to support the weight 
of the golf ball.  As the turf grew, the longer leaves did not have as great an effect on the amount 
of golf ball exposed. 
 Cultivar was a significant factor in  ball lie when measurement years were pooled 
(Table 5).  The blend of Pennlinks II and Penneagle II, Pure Select, Crystal Bluelinks, SRP-
1WM, T-1, BCD, A08-EBM, Benchmark DSR, Luminary, Authority, Pin-Up, Proclamation, 
Memorial, SR-1020, and Tyee were the top statistical performers with the least amount of 
change in ball lie over the three days following mowing.  Three of the seven colonial bentgrass 
cultivars were included in the top statistical group.  The segregation of cultivars by ball lie was 
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most evident at 1 and 2 DFM, and cultivars with the least amount of change in ball lie over time, 
consistently performed better by 2 DFM.  It could be contrived that leaf elongation rate of the 
turf would explain the differences in  ball lie, but according to research published by Trappe et 
al. (2011), common bermudagrass had greater ball lie than Japanese lawngrass after being left 
unmown for five days even though clipping yield was approximately 30% greater for common 
bermudagrass.  Instead, the difference in  ball lie was considered more related to growth 
orientation and was visible when considering the contrasts of the creeping and colonial bentgrass 
cultivars, which indicated that colonial bentgrass had a greater rate of change of golf ball lie than 
creeping bentgrass.  Colonial bentgrass has a more upright growth habit compared to the recently 
developed, lower growing cultivars of creeping bentgrass (Beard, 1973), and therefore, as the 
turf leaves begin to elongate, upright leaves of colonial bentgrass would likely cover a golf ball. 
 While other parameters such as disease resistance or turfgrass quality may be much more 
important to the selection of a proper species or cultivar for use in a golf course fairway, golf ball 
lie and  ball lie serve as an indicator of playability of the turf and could provide additional 
information when selecting between two cultivars similar in other aspects.  Selecting a cultivar 
with a smaller  ball lie may give the golf course superintendent the opportunity to extend the 
time between mowings without interfering with the playability aspect of the fairway, as in this 
research, at two DFM, no cultivars had ball lie < 90%.  In addition, with the increasing trend of 
rolling bentgrass fairways as a means to reduce disease incidence and decrease fungicide inputs, 
the potential to extend the time between mowings could be even greater assuming the health of 
the turf remains intact.  However, the impact of using rollers on bentgrass fairways has not been 
evaluated for the effects on golf ball lie or  ball lie, and further research on this interaction is 
warranted. 
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Tables and figures 
 
Table 1. Tests of fixed effects of golf ball lie and  ball lie for 27 cultivars of creeping and 
colonial bentgrass maintained under fairway conditions in Fayetteville, Arkansas. 
Tests of fixed effects 
for ball lie
† 
Source of variation   P > F 
Year (Y)   < 0.0001 
Block (B)   0.5615 
Cultivar (V)   < 0.0001 
Day (D)   < 0.0001 
V x D   0.0129 
Y x V   0.0298 
Y x D   < 0.0001 
Y x V x D   0.5676 
Contrasts Date Estimates P > |t| 
Creeping – colonial 2009 1.4 < 0.0001 
Creeping – colonial 2011 0.2 0.3695 
Creeping – colonial day 0 0.4 0.0826 
Creeping – colonial day 1 0.8 0.0008 
Creeping - colonial day 2 1.1 < 0.0001 
Tests of fixed effects 
for  ball lie‡ 
Source of Variation   P > F 
Y   < 0.0001 
B   0.0639 
V   0.0283 
Y x V   0.7321 
Contrasts  Estimates P > |t| 
Creeping  2.1 < 0.0001 
Colonial  2.8 < 0.0001 
Creeping - colonial  -0.7 0.0405 
†
 Ball lie expressed as a percentage of the golf ball exposed in turf canopy and measured using 
digital image analysis. 
‡
 The change in () ball lie was calculated by subtracting ball lie measured two days following 
mowing from ball lie measured directly after mowing. 
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Table 2. The interaction of measurement year and days following mowing for ball lie of 27 
cultivars of creeping and colonial bentgrass evaluated in Fayetteville, Arkansas. 
Days following mowing 2009
† 
2011 
0
‡
 94.2 C
§ 
96.0 A
 
1 91.8 D 94.4 C 
2 90.3 E 95.3 B 
†
 Ball lie measurements were collected in September of 2009 and April of 2011. 
‡
 Measurements of ball lie were collected zero, one, and two days following mowing. 
§
 Values within and across columns followed by the same letter are not significantly different 
from another (LSD,  = 0.05) 
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Table 3. The interaction of cultivar and measurement year for golf ball lie of creeping and 
colonial bentgrass measured for zero, one, and two days following mowing in Fayetteville, 
Arkansas. 
  Year  
Cultivar Species 2009 2011 Average 
CY-2
† 
creeping 93.4 A-G
‡ 
95.6 A-D 94.5 
Declaration creeping 93.3 B-G 95.4 A-D 94.4 
Luminary (A08-TDN2) creeping 93.2 C-G 94.7 C-F 94.0 
SR-1020 creeping 93.1 D-G 96.6 A 94.9 
Pennlinks II / Penneagle II creeping 93.0 D-H 96.5 AB 94.8 
Pin-up (HTM) creeping 93.0 D-H 95.1 B-E 94.8 
T-1 creeping 92.8 E-I 95.4 A-D 94.1 
Memorial creeping 92.7 E-J 93.8 EF 93.3 
Tyee creeping 92.5 E-J 94.7 C-F 93.6 
Barracuda (MVS-Ap-101) creeping 92.4 E-K 94.6 C-F 93.5 
Proclamation creeping 92.4 E-K 94.2 D-F 93.3 
Pure Select (PST-OJD) creeping 92.3 F-L 95.9 ABC 94.1 
L-93 creeping 92.2 F-L 95.9 ABC 94.1 
Crystal Bluelinks creeping 92.1 G-L 96.5 AB 94.3 
Authority creeping 92.1 G-L 95.8 ABC 94.0 
Benchmark DSR creeping 92.1 G-L 95.6 A-D 93.9 
007 creeping 92.1 G-L 95.5 A-D 93.8 
SRP-1WM creeping 92.0 G-L 95.3 A-D 93.7 
A08-FT12 colonial 91.6 H-L 94.9 C-F 93.3 
BCD colonial 91.5 I-M 95.8 ABC 93.7 
Tiger II colonial 91.5 I-M 95.0 C-F 93.3 
Penncross creeping 91.5 I-M 94.9 C-F 93.2 
Princeville creeping 91.2 J-M 93.6 F 92.4 
A08-EBM colonial 91.0 KLM 95.6 A-D 93.3 
Greentime colonial 91.0 KLM 95.4 A-D 93.2 
Alister colonial 91.0 KLM 94.8 C-F 92.9 
PST-R9D7 colonial 90.1 M 94.2 D-F 92.2 
† 
Cultivars of creeping and colonial bentgrass in the 2008 NTEP bentgrass fairway/tee trial were 
used, and cultivars simply known by experimental notation during testing are denoted 
parenthetically. 
‡
 Values followed by the same letter are not significantly different from another (LSD,  = 0.05) 
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Table 4. Simple effects of the interaction of days following mowing and cultivars for ball lie of 
creeping and colonial bentgrass measured in 2009 and 2011 in Fayetteville, Arkansas. 
  Days following mowing 
Cultivar Species Day 0 Day 1 Day 2 
  ------------------------ Ball lie (%) ------------------------ 
SR-1020
† 
creeping 96.4 94.1 AB
‡ 
94.1 ABC 
Declaration creeping 96.2 94.1 AB 92.8 C-F 
CY-2 creeping 96.2 94.2 AB 93.1 B-F 
L-93 creeping 95.7 93.5 A-D 93.0 B-F 
007 creeping 95.6 93.5 A-D 92.4 D-G 
Tiger II colonial 95.5 92.0 D-G 92.3 D-G 
Luminary (A08-TDN2) creeping 95.5 93.1 A-E 93.4 A-E 
Pin-Up (HTM) creeping 95.3 93.6 A-D 93.2 B-F 
Pennlinks II / Penneagle II creeping 95.3 93.9 AB 94.9 A 
T-1 creeping 95.3 93.0 A-F 93.9 ABC 
Benchmark DSR creeping 95.2 93.0 B-F 93.4 A-D 
Crystal Bluelinks creeping 95.1 93.6 A-D 94.1 ABC 
Tyee creeping 95.1 92.8 B-F 92.9 B-F 
Greentime colonial 95.1 92.4 C-G 92.2 D-G 
Princeville creeping 95.1 91.2 G 91.1 G 
Memorial creeping 95.0 91.9 EFG 92.8 C-F 
Authority creeping 95.0 93.8 ABC 93.0 B-F 
A08-FT12 colonial 94.9 92.8 B-F 91.9 EFG 
Penncross creeping 94.8 92.7 B-G 92.2 D-G 
A08-EBM colonial 94.7 92.1 D-G 93.0 B-F 
SRP-1WM creeping 94.7 92.8 B-F 93.4 A-E 
Pure Select (PST-OJD) creeping 94.7 93.3 A-E 94.4 AB 
BCD colonial 94.6 93.1 A-E 93.2 B-F 
Alister colonial 94.5 93.4 A-E 90.8 G 
Proclamation (LTP-FEC) creeping 94.3 93.5 A-D 92.2 D-G 
PST-R9D7 colonial 94.2 91.5 FG 90.8 G 
Barracuda (MVS-Ap-101) creeping 94.2 94.6 A 91.8 FG 
Source of variation     
Simple effects of cultivar x day
§ 
NS 0.0009 < 0.0001 
† 
Cultivars of creeping and colonial bentgrass in the 2008 NTEP bentgrass fairway/tee trial were 
used, and cultivars simply known by experimental notation during testing are denoted 
parenthetically. 
‡
 Values in a column followed by the same letter are not significantly different from another 
(LSD,  = 0.05) 
§
 Simple effects of cultivar x day interaction were calculated using orthogonal contrasts (P = 
0.05). 
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Table 5. Mean separation for main effects of cultivar on  ball lie of creeping and colonial 
bentgrass measured in 2009 and 2011 in Fayetteville, Arkansas. 
Cultivar Species  ball lie‡ 
Pennlinks II / Penneagle II
† 
creeping 0.7 F
§ 
Pure Select (PST-OJD) creeping 0.3 F 
Crystal Bluelinks creeping 1.0 EF 
SRP-1WM creeping 1.3 DEF 
T-1 creeping 1.3 DEF 
BCD colonial 1.4 C-F 
A08-EBM colonial 1.7 B-F 
Benchmark DSR creeping 1.7 B-F 
Luminary (A08-TDN2) creeping 2.1 A-F 
Authority creeping 2.0 A-F 
Pin-Up (HTM) creeping 2.1 A-F 
Proclamation (LTP-FEC) creeping 2.1 A-F 
Memorial creeping 2.2 A-F 
SR-1020 creeping 2.3 A-F 
Tyee creeping 2.2 A-F 
Greentime colonial 2.9 A-E 
L-93 creeping 2.7 A-E 
Barracuda (MVS-Ap-101) creeping 2.4 A-E 
Penncross creeping 2.6 A-E 
007 creeping 3.2 A-D 
A08-FT12 colonial 3.1 A-D 
CY-2 creeping 3.1 A-D 
Tiger II colonial 3.2 A-D 
Declaration creeping 3.4 ABC 
PST-R9D7 colonial 3.4 ABC 
Alister colonial 3.7 AB 
Princeville creeping 4.0 A 
†
 Cultivars of creeping and colonial bentgrass in the 2008 NTEP bentgrass fairway/tee trial were 
used, and cultivars simply known by experimental notation during testing are denoted 
parenthetically. 
‡
 The change in () ball lie was calculated by subtracting ball lie measured two days following 
mowing from ball lie measured directly after mowing. 
§ 
Values followed by the same letter are not significantly different from another (LSD,  = 0.05) 
  
 58 
 
Literature cited 
Beard, J.B. 1973. Turfgrass: Science and culture. Prentice-Hall. Englewood Cliffs, NJ. 
Beard, J.B. 2002. Turf management for golf course. 2
nd
 ed. Ann Arbor Press, Chelsea, MI. 
Cella, L., Voigt, T. B., and Fermanian, T. W. 2004. Measuring ball lie on golf course fairways. 
Crop Sci. 44:214-217. 
Cella, L., Voigt, T. B., Fermanian, T. W., and Branham, B. E. 2005. Do growth characteristics 
affect ball position on Kentucky bluegrass fairways? Int. Turfgrass Soc. Res. J. 10:661-
665. 
Kowalewski, A. R., Schwartz, B. M., Richardson, M. D., Karcher, D. E., McCalla, J. H., Patton, 
A. J., and Hanna, W. W. 2012. Effects of nitrogen, growth regulators, and mowing height 
on ball lie in Tifsport bermudagrass. Online. Applied Turfgrass Science 
doi:10.1094/ATS-2012-0625-01-RS.  
National Turfgrass Evaluation Program. 2013. 2008 National bentgrass (fairway/tee) test. 
Progress report NTEP no. 14-7. Retrieved on March 3, 2015 from 
http://www.ntep.org/reports/bt08f_14-7f/bt08f_14-7f.htm 
Richardson, M. D., Karcher, D. E., Patton, A. J., and McCalla, J. H. 2010. Measurement of golf 
ball lie in various turfgrasses using digital image analysis. Crop Sci. 50:730-736. 
Trappe, J. M., Karcher, D. E., Richardson, M. D., and Patton, A. J. 2011. Bermudagrass and 
zoysiagrass cultivar selection: Part 1, clipping yield, scalping tendency, and golf ball lie. 
Online. Applied Turfgrass Science doi:10.1094/ATS-2011-0630-01-RS. 
Turgeon, A. J. 2002. Turfgrass management. 6
th
 ed. Prentice-Hall, Upper Saddle River, NJ. 
 
  
 59 
 
V. Golf Shot Performance Characteristics Influenced by Ball Lie 
Abstract 
Research has evaluated golf ball lie as means to compare various management 
techniques, determine the influence of nitrogen fertility, and separate turfgrass species and 
cultivars.  However, little work has been performed to determine the impact of golf ball lie on 
playability, and therefore, the objective of this study was to evaluate the effects of golf ball lie on 
golf shot characteristics such as carry distance, backspin, ball speed, smash factor, club speed, 
and accuracy.  Two golfers differing in handicaps struck balls using a seven-iron from various 
ball lies created by ranging mowing heights from 0.5 to 4.0 inches in Agrostis stolonifera, Poa 
pratensis, and Festuca arundinacea.  Ball lie was measured as the percentage of golf ball 
exposed within and above a turf canopy using digital image analysis, and golf shot 
characteristics were measured using a launch monitor.  Mowing height of the turf and ball lies 
were significantly correlated (P <0.001, r
2
 = 0.863).  Ball lie significantly affected carry distance 
(P <0.001, r
2
 = 0.357) and ball speed (P < 0.001, r
2
 = 0.517), both exhibiting logarithmic 
relationships.  Smash factor was linearly related to ball lie (P < 0.001, r
2
 = 0.518).  Comparison 
of the regression coefficients for models specific to each golfer indicated that carry distance, 
backspin, ball speed, and smash factor were affected equally for both golfers.  However, 
accuracy of golf shots was only significantly related to ball lie for the better golfer (P =0.004, r
2
 
= 0.158).  Results from this study confirm conventional wisdom concerning the effects of golf 
ball lie on golf shot characteristics. 
Introduction 
 The nature of the game of golf is to penalize poorly placed shots, and many times the 
penalty comes in the form of taller cuts of turf in which, even though the ball may be advanced, 
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the ability to achieve full distance or generate adequate spin is impaired (Beard, 2002).  
However, improvements in golf club equipment diminished the penalizing effects of taller turf 
and prompted the United States Golf Association (USGA) to investigate spin generation of a golf 
ball by tour players in various heights of turf for the purpose of comparing groove construction.   
It was hypothesized that increasing the height of cut of turf would offset the increased spin 
generation by U-shaped grooves as compared to traditional v-shaped grooves under the 
assumption increasing the height of the turf would increase the difficulty of the shot.  Results 
from the study displayed a negative trend in backspin of a golf ball relative to an increase in 
mowing height of the turf regardless of groove type, and in addition, there was a trend of 
decreased ball velocity with increased heights of cut (USGA, 2007).  Both trends are typically 
expected by golfers when hitting from taller turf.  However, random positioning of the golf ball 
in turf may allow for adequate access to the ball even at higher heights of cut, and the study 
failed to account for this variability as mowing heights were lumped into larger categories of 
light rough, medium rough, long rough, and fairway.  It is possible for a golf club to find a free 
path to strike a ball within light, medium, and long rough similar to fairway.  Even though turf 
leaves are tall, grasses can be sparse and thin at higher heights of cut (Beard, 1973) and ball 
positioning in a turf canopy is variable in taller cut turf (Richardson et al., 2010).  While the 
apparent trends in decreased ball spin and velocity are consistent with conventional wisdom, 
there is potential for a ball in the rough to allow a shot similar to that found in the fairway.  Ball 
lie has been shown to be variable depending on turf species and cultivar, mowing height, and 
management practices such as mowing frequency, plant growth regulator applications, and 
fertility as these attributes often vary the density and depth of the turfgrass canopy (Richardson 
et al., 2010)    
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Cella and Voight (2001) defined golf ball lie as the amount of golf ball exposed above the 
turfgrass canopy and developed a device called Lie-N-Eye capable of measuring ball lie in turf 
maintained at a cutting height of 0.6 to 1.0 in.  Cella et al. (2004) improved the device, renaming 
it Lie-N-Eye II, to measure ball lie in turf below 0.6 in.  Both devices measured the distance 
between the turf canopy and the top of the golf ball using a digital caliper.  More recently, 
Richardson et al. (2010) developed a method to quickly quantify the lie of a golf ball using 
digital image analysis in which ball lie was measured as the amount of golf ball exposed above 
and within a turf canopy.  Once a ball was in a turf canopy, a high quality digital image of the 
ball was analyzed for the number of pixels of golf ball visible above and through the turfgrass 
canopy.  This method of measuring ball lie has been used to determine growth differences 
between varieties of creeping (Agrostis stolonifera) and colonial bentgrass (Agrostis capillaris) 
(Strunk et al., 2010), between varieties of bermudagrass (Cynodon spp.) and zoysiagrass (Zoysia 
spp.) (Trappe et al., 2011), among varieties of bermudagrass (Richardson et al., 2010), and 
resulting from applications of plant growth regulators and nitrogen fertility on bermudagrass 
(Kowalewski et al., 2012).  Trappe and coworkers (2011) investigated the differences of 
bermudagrass and zoysiagrass cultivars on ball lie, the change in ball lie over time by not 
mowing, and the effects of dormancy on ball lie.  The authors noted that additional 
experimentation was warranted to investigate the impact of ball lie on the difficulty of a golf shot 
as relatively small changes (~4%) resulted in significant differences in ball lie.  While 
incremental changes in ball lie may be statistically significant, slightly changing the amount of 
golf ball exposure in a canopy may not be sufficient to affect a golf shot.  Furthermore, 
Richardson and coworkers (2010) noted that no studies have been performed to determine the 
optimum ball lie for playability in fairways or rough. 
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 Considering the statistically significant effects on ball lie for various turfgrass species, 
cultivars, and management practices as demonstrated by numerous researchers, it is important 
that the playability aspect of golf ball lie be investigated.  Anecdotal evidence consistently 
confirms the importance of ball lie to a golf shot, and researchers such as Trappe et al.(2011) and 
Richardson et al.(2010) have alluded to the relationship, but no scientific data has been produced 
providing validation.  Therefore, the objective of this study was to determine the effects of golf 
ball lie on golf shot parameters such as carry distance, backspin, ball velocity, and others that 
together comprise a quality golf shot. 
Development of various ball lies 
 Areas of tall fescue (Festuca arundinacea cv. Millennium II), Kentucky bluegrass (Poa 
pratensis cv. Midnight), and creeping bentgrass (A. stolonifera cv. Crenshaw) were mowed at a 
range of heights typically found on a golf course.  Turfgrass species were selected by availability 
and were used solely to establish a variety of ball lies rather than for comparisons among species.  
Mowing heights for tall fescue were 3.0, 3.5, and 4.0 inch, while heights for Kentucky bluegrass 
were 1.0, 1.5, 2.0, 2.5, and 3.0 inch.  Creeping bentgrass (CB) plots were mowed at a height of 
0.5 inch with some plots not being mowed for two or five days prior to experimentation.  Heights 
for CB plots not mowed were determined by prism gauge (Grass Height Prism Gauge, Turf-Tec 
International, Tallahassee, FL) and average heights were 0.6 and 0.7 inch, respectively.  Canopy 
heights were considered the same as the bench setting on the mowers used (except for CB plots 
that were not mowed).  All plots that received mowing treatment were mowed less than one hour 
prior to golf shot execution. 
Golfer skill and shot execution 
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The two golfers that participated in this study differed in skill and ability to consistently 
hit quality shots, and each golfer used his own equipment.  The first golfer, denoted as low 
handicap player (LH), had a USGA handicap index of scratch (0) and was a former Division I 
collegiate golfer.  The second golfer had a USGA handicap index of 8 and participated in golf at 
the junior college level and was called high handicap player (HH).  The USGA developed the 
handicap system to allow golfers of different abilities to compete against one another and serves 
as an indication of a golfer’s skill (USGA, 2012).  Handicap index is calculated as potential 
ability by using only the top 20 scores of a golfer and then comparing those scores to that of a 
scratch golfer for a given golf course.  The equipment used by LH was Mizuno T-Zoid Pro (True 
Temper Dynamic Golf S300 shaft, standard loft/lie, Mizuno Corporation, Osaka, Japan) and by 
HH was Mizuno T-Zoid Sure (True Temper Dynamic Gold S300 shaft, standard loft/lie, Mizuno 
Corporation, Osaka, Japan).  Golf balls (Ultra 500 orange, Wilson Sporting Goods Co., Chicago, 
IL) were dropped by each golfer from shoulder height and arm’s length to simulate taking a drop 
in accordance to USGA rule 20-2a (USGA, 2012) and ensure that ball lies were random.  Digital 
images used to measure ball lie were taken after the golf ball was dropped and resting in the turf 
canopy, but prior to balls being struck.  The camera and platform were placed in the direction of 
the path of the club to quantify obstruction to the golfer.  Each golfer hit five golf balls per plot 
with a seven iron to determine the effect of ball lie on ball flight characteristics.  In addition, 
each golfer was asked to refrain from watching ball flight and provide a qualitative rating of the 
golf swing.  Shots were rated directly after execution on a 1 to 9 scale in which 9 represented the 
best possible swing and 1 representing the worst swing possible.  Shots rated below 6 were 
excluded from analysis to reduce variability caused by poor mechanics rather than ball lie. 
Evaluating golf shot parameters and ball lie 
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Golf shot parameters of carry distance, backspin, club head speed, ball speed, and 
accuracy were measured by a launch monitor (Flightscope Kudu, EDH Ltd., South Africa) 
commonly used by club fitting and teaching professionals.  In addition, the launch monitor 
calculated smash factor as the ratio of golf ball speed to club head speed.  Accuracy was 
considered the lateral distance a shot fell away from the target line.  Digital images of golf ball 
lie were analyzed in accordance to published methods (Richardson et al., 2010) using Sigmascan 
Pro (v5.0, Systat Software Inc, San Jose, California).  Ball lie was determined by dividing the 
number of pixels visible through the turfgrass canopy by the total number of possible pixels of a 
golf ball and multiplying by 100 to create a percentage. Data was analyzed using linear and 
nonlinear regression analysis, analysis of variance, and independent t-test in Stata (v.13, 
StataCorp LP, College Station, TX).  Regression models were selected based on visible 
determination of data trends based on scatter plots.  Analysis of data based on turfgrass species 
or the interaction of player and turfgrass species were excluded due to established mowing 
heights being different for each species. 
Effects of mowing height on golf ball lie 
Several significant correlations were identified comparing various parameters with ball 
lie (Table 1).  As expected, a strong linear relationship (P < 0.001, R
2
 = 0.863) existed between 
turfgrass canopy height and golf ball lie (Fig. 1).  Golf balls supported by turf at lower heights of 
cut had higher percentages of golf balls exposed, similar to previously published studies 
(Richardson et al., 2010).  The high coefficient of determination explained much of the variation 
in ball lie with the variation in mowing height, but what remained was likely from the random 
nature of ball placement within a turf canopy, especially at higher heights of cut.  Richardson et 
al. (2010) noticed that higher variability existed for ball lie measurements taken from higher 
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heights of cut, consistent with data collected from this study (Fig. 1).  Additional variation could 
be the result of differences among turfgrass species to support a golf ball as demonstrated by 
others (Richardson, 2010; Trappe, 2011), but comparison of turfgrass species was not performed 
as mowing heights were different for all species. 
Effects of golf ball lie on shot parameters 
Data collected from the striking of golf balls by the two golfers used in this study showed 
significant correlations between many shot parameters and ball lie.  Anecdotal evidence suggests 
that golfers should choose clubs with longer carry distances in instances of reduced ball lie due 
to the interference of the turf leaves between the club’s face and golf ball.  Turfgrass at higher 
heights of cut slow the golf club through friction and interference of the turf leaves with club 
components.  In this experiment, reduced ball lie was related to shorter carry distances, but while 
significant, was weakly correlated (P < 0.001, R
2
 = 0.357) suggesting that other factors were 
responsible for most of the variation (Fig. 2A).  Consistent repetition of a golf swing is difficult 
even for skilled golfers and could explain much of the variation between shots, as one swing 
could likely be better or worse than the next.   
In addition to carry distance, much concern is placed on spin generation when striking a 
golf ball from the rough where poor ball lie provides a penalty from an errant shot.  In fact, the 
amount of spin that could be generated from rough by a professional golfer was of some concern 
to two prominent governing bodies of golf.  Subsequently, a study was performed to evaluate 
spin generation of tour players from several ball lies of clubs differing in groove construction, 
and data from the study consistently demonstrated backspin of a golf ball decreased as height of 
cut increased (USGA, 2007).  Congruent with USGA’s study, ball lie was weakly correlated with 
backspin (P < 0.001, R
2
 = 0.181) demonstrating a linear increase in backspin as ball lie improved 
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(Fig. 2B).  As neither golfer used in the study was the caliber of professionals, the variation in 
backspin may be attributed to factors other than ball lie such as inconsistent angles of attack 
defined as the vertical movement of the club head in relation to the golf ball during compression.  
Changes in attack angle are known to alter spin rate, launch angle, and carry distance (Glazier 
and Lamb, 2013). 
There was a logarithmic trend of golf ball speed and ball lie (P < 0.001, R
2
 = 0.517) that 
demonstrated that turf interfered with propulsion of a golf ball (Fig. 2C).  The speed at which a 
golf ball travels has a tremendous effect on the distance the golf ball will carry.  The similarities 
of regression lines of ball speed and carry distance demonstrated the relationship between the 
two, but a much stronger correlation existed between ball speed and ball lie.  In most cases, 
higher ball velocity results in greater carry distances, but if backspin exceeds a critical value 
dependent on club loft and ball construction, carry distance is reduced due to higher trajectory 
from increased aerodynamic lift and, subsequently, greater aerodynamic drag (Penner, 2003). In 
addition, ball speed reduction as ball lie decreased could have simply been the result of slower 
club head speeds caused by inconsistent swinging of the club, increased drag on the club head 
from turf at higher heights of cut, or turf interference of energy transfer between club and ball.   
To take club head speed into account, smash factor was evaluated and determined to be 
significantly correlated (P < 0.001, R
2
 = 0.518) to ball lie in a linear relationship (Fig. 2D).  This 
demonstrated that turf could reduce the transfer of energy between the club and ball, and thereby 
reduce ball velocity.  Images collected during the course of the experiment for analysis of ball lie 
clearly showed differences in the amount of leaf tissue a golf club would be exposed to in the 
process of striking the ball (Fig. 3).  It is of importance to note that regression of club speed and 
ball lie was not significant (P = 0.373, R
2
 = 0.009).  Accuracy was significantly correlated (P = 
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0.015, R
2
 = 0.065) to ball lie and suggested that as ball lie improved, players were better able to 
get shots closer to the target (Fig. 2E).  However, the poor relationship of accuracy to ball lie 
indicated that much of the variation among golf shots was dependent on other factors.   
Comparison of golfer ability and the effects of ball lie on golf shot parameters 
Within this study, the participating golfers differed in USGA handicap index, warranting 
examination of the data through comparison of the golfers.  Statistical difference of measurable 
golf shot parameters between golfers was performed using a t-test.  Means for ball lie, carry 
distance, smash factor, and accuracy were not significantly different, but backspin, club head 
speed, and ball speed were (Table 2).  The methodology used to establish ball lie by dropping the 
golf ball in accordance with the rules of golf along with the various turfgrass species and 
mowing height combinations was sufficient in randomly creating various ball lies, equally for 
both golfers.  Therefore, any statistical differences of golf shot parameters resulted from skill and 
ability of the golfers. 
Considering the difference in skill of the two golfers tested, it was expected that the trend 
of decreased carry distance with reduced ball exposure would better fit data collected from LH, 
but comparison of regression coefficients was not significant (Data not shown).  Regression 
coefficients for backspin, ball speed and smash factor for both golfers were also not statistically 
different, and therefore, discussion of those parameters was limited to the pooled models.  
However, the lack of statistical difference for the regression coefficients demonstrated that the 
effects of golf ball lie were similar for both players regardless of skill.  In contrast to the other 
parameters of golf shots measured, accuracy was significantly correlated to ball lie in a linear 
relationship for LH (P = 0.004, R
2
 = 0.158), but not for HH (P = 0.416, R
2
 = 0.017) (Table 1; 
Fig. 3).  Although both players were equally inaccurate in shots by comparison of means, the 
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distribution of shots was greater for HH (s = 7.4) than LH (s = 5.7), demonstrating the difference 
of ability between the two players.  In addition, the lack of a significant relationship of accuracy 
and ball lie for HH showed that errant shots occur regardless of turf conditions for players with 
higher handicaps, but those with greater skill such as LH will progressively be more accurate as 
ball lie improves.   
Summary 
The results of this study have validated some golfer expectations relating the impact of 
golf ball lie on parameters of a quality golf shot.  Carry distance, backspin, ball speed, and smash 
factor were all significantly correlated to ball lie, and the effects of ball lie on these parameters 
were similar for both players.  Previous researchers have questioned the practical significance of 
small differences in ball lie that are statistically significant, and data from this study have 
confirmed those concerns.  To reduce carry distance by five yards from maximum distance (ball 
lie ≥ 90%), ball lie must be below 55% according to the regression model.  A reduction of carry 
distance by 10 yards requires ball lie to be below 30%.  At less than 10% of ball exposed, a 
golfer could expect a decrease in carry distance of 20 yards or more.  Backspin generation from 
poor ball lies may not be decreased as severely as anecdotal evidence suggests, even though the 
trend was significant.  Previous research demonstrated decreases in backspin generation and ball 
speed as the height of turf increased, and this trend was further validated by the results of this 
study.  Accuracy was only significantly correlated to ball lie for golf shots struck by LH, 
demonstrating that the effects of ball lie on accuracy were dependent on golfer skill, ability, and 
swing.  Poor accuracy of a golf shot struck from the rough has often been attributed to ball lie, 
but results from this study only provided evidence for better players.  Furthermore, it would be 
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expected that golfers who consistently find the rough lack the ability to accurately place golf 
shots regardless of the lie. 
Previous research that evaluated ball lie of various species and cultivars over a variety of 
management regimes and timings have demonstrated that ball lie is varied, and researchers have 
indicated the potential importance of ball lie in regards to playability.  Results from this study 
confirm those concerns of ball lie effects and confirms the notion that the difficulty of a golf 
course can be affected by altering ball lie through changes of mowing heights, or as others have 
noted, selection of turfgrass species and cultivars.  However, while ball lie has been conclusively 
differentiated for various turfgrass species and cultivars, the question still remains as to the 
impact turfgrass species and cultivars have on golf shot parameters at similar ball lies.   
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Tables and figures 
 
Table 1. Trendline equations, coeffecient of determinations, and significance produced from 
linear and nonlinear regression analysis of mowing height, ball lie (percent ball exposed), and 
various golf shot paramters of data collected for two participating golfers.  
Y X Equation R
2
 P value 
Pooled data for both players
 
Ball lie
† 
Canopy height
‡
 y = -27.184x + 112.102 0.863 < 0.001 
Carry distance
§ 
Ball lie y = 7.947ln(x) + 133.625 0.357 < 0.001 
Backspin Ball lie y = 12.779x + 2579.985 0.181 < 0.001 
Ball speed Ball lie y = 4.244ln(x) + 92.609 0.517 < 0.001 
Smash factor Ball lie y = 0.002x + 1.152 0.518 < 0.001 
Accuracy Ball lie y = -0.046x + 10.198 0.065 0.015 
Club speed Ball lie y = -0.010x + 87.356 0.009 0.373 
Low handicap player
¶ 
Accuracy Ball lie y = -0.067x + 11.036 0.158 0.004 
High handicap player 
Accuracy Ball lie y = -0.026 + 9.413 0.017 0.416 
† 
Ball lie expressed as percent ball exposed. 
‡ 
Canopy heights were 0.5, 0.6, and 0.7 for creeping bentgrass, 1.0, 1.5, 2.0, 2.5, and 3.0 for 
Kentucky bluegrass, and 3.0, 3.5, 4.0 inches for tall fesuce. 
§ 
Carry distance (yds), backspin (rpm), ball speed (mph), smash factor (ratio of ball speed to club 
speed), and club speed (mph) were measured by a launch monitor. 
¶ 
Comparison of individual regression models for carry distance, backspin, ball speed, smash 
factor, and club speed to ball lie were excluded because regression coefficients were not 
significantly different ( = 0.05). 
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Table 2. Means of ball lie experienced by participating golfers, and average golf shot parameters 
of shots struck by golfers from various ball lies created in creeping bentgrass, Kentucky 
bluegrass, and tall fescue. 
 Low handicap High handicap P value 
Ball lie (%)
† 
54.1 53.1 0.892 
Carry distance (yds)
‡ 
163.9 159.4 0.167 
Backspin (rpm) 2994.5 3595.8 0.007 
Ball speed (mph) 105.8 110.0 0.003 
Smash factor 1.24 1.25 0.640 
Club speed (mph) 85.5 88.4 < 0.001 
Accuracy (yds) 7.4 8.1 0.646 
†
 Ball lie expressed as percent of ball exposed 
‡
 Carry distance (yds), backspin (rpm), ball speed (mph), smash factor (ratio of ball speed to club 
speed), club speed (mph), sidespin (rpm), and accuracy (lateral distance from target in yds) were 
measured by a launch monitor. 
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Figure 1. Linear regression analysis comparing canopy height of turfgrass and ball lie collected 
from creeping bentgrass, Kentucky bluegrass, and tall fescue plots at heights ranging from 0.5 to 
4.0 inches.  
 73 
 
 
Figure 2. Linear and nonlinear regression analysis comparing golf shot parameters of (2A) 
carrydistance, (2B) backspin, (2C) ball speed, (2D) smash factor, and (2E) accuracy for two 
golfers measured by a launch monitor to golf ball lie demonstrated a significant effect to golf 
shots by ball lie. 
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Figure 3. Images collected prior to golf shot execution to analyze for ball lie (percent of ball exposed) showing (3A) creeping 
bentgrass at 0.5 inch, (3B) creeping bentgrass not mowed for two days, (3C) creeping bentgrass not mowed for five days, (3D) 
Kentucky bluegrass at 1.0 inch, (3E) Kentucky bluegrass at 1.5 inches, (3F) Kentucky bluegrass at 2.0 inches, (3G) Kentucky 
bluegrass at 2.5 inches, (3H) Kentucky bluegrass at 3.0 inches, (3I) tall fescue at 3.0 inches, (3J) tall fescue at 3.5 inches, and (3K) tall 
fescue at 4.0 inches.  Golf ball lie determined by digital image analysis is listed with each sub-image (Photographer: William Strunk. 
Used with permission.). 
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Figure 4. Linear regression of accuracy (lateral distance from target in yds) and golf ball lie 
(percent of golf ball exposed)  for the low handicap player (LH) and high handicap player (HH) 
demonstrated ball lie had a significant effect on LH (P = 0.004, R
2
 = 0.158), but HH (P = 0.416, 
R
2
 = 0.017) was unaffected. 
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VI. Monitoring Color Retention of the Synthetic Turf Installed at Frank Broyle’s Field 
Abstract 
As population continues to increase, more and more user groups are requiring athletic 
playing surfaces to conduct community sports and other events.  Natural turfgrass playing 
surfaces provide many benefits to the environment and are typically considered safer, but lack 
the ability to withstand extensive traffic.  As remedy, many communities are turning to synthetic, 
crumb rubber in-filled playing surfaces that can withstand endless amounts of events.  Many 
studies have looked into player safety associated with synthetic fields and cost analysis of 
construction and maintenance, but no studies exist evaluating the color retention of the synthetic 
fibers.  Fading and changing of color can be aesthetically displeasing to spectators, players, and 
coaches.  Therefore, the objective of this study was to determine if the color of the synthetic 
fibers of Frank Broyles field in Donald W. Reynolds Razorback stadium change over time.  
Digital images were collected in 2009, 2010, and 2012 from the same location and analyzed 
according to published methods.  The green fibers showed the greatest change, and the change 
was visibly detected.  The color fading and change was considered to be caused by exposure to 
UV rays and weather. 
Introduction 
 Numerous benefits have been noted with the use of synthetic turf as a replacement to 
natural turfgrass fields such as the ability to sustain play with high traffic, consistent playing 
surfaces through inclement weather, permanent boundaries and other field markings, and in some 
cases, provide an attractive surface regardless of season to recruit talented players.  However, 
they seem to be under great scrutiny related to player safety, environmental hazards, and 
installation and disposal costs (Maguire, 2002; McNitt, 2005).  While it is apparent that synthetic 
and natural turfed fields have distinct differences, as manufacturing of synthetics improves, the 
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appearance of the two surfaces has become similar.  Synthetic turf systems are created by 
weaving vertical fibers, or pile, into a horizontal backing (McNitt, 2005), and the pile can appear 
indistinguishable, at a general distance, from natural turf. 
 It has been suggested that a benefit to synthetic turf surfaces over natural grass is the 
consistent color of the field including lines and boundaries, logos, and overall surface throughout 
the seasons, which could potentially assist in the recruitment of players during offseason 
(Maguire, 2002).  However, synthetic turf is made by sewing nylon, polypropylene, or 
polyethylene fibers, or pile, into a horizontal backing, and those particular types of fibers are 
susceptible to photodegradation when in an outdoor setting (McNitt, 2005).  When exposed to 
sunlight, fibers such as polyethylene and polypropylene are broken down by ultraviolet radiation 
resulting in reduced tensile strength (McNitt, 2005).  In addition to reducing the overall quality 
of the fiber, UV radiation has been shown through numerous studies to cause phototendering, the 
fading of organic and commercially available pigments and dyes.  The photosensitized 
degradation by pigments is dependent on the nature of the polymer (polyethylene, 
polypropylene, polyethylene, or nylon), form of the polymer, in this case, fiber, light stability of 
the polymer, nature of the pigment, activity of the pigment, and particle size and formulation of 
surface treatments (Allen and Edge, 1992).  However, no published studies exist examining the 
potential of phototendering and eventually fading of pigments used to color pile during the 
lifespan of the synthetic turf.  In most cases, the expected lifespan of a synthetic turf, or warranty 
period, consistently falls between eight to ten years (McNitt 2005).  During that time, the 
exposure to UV radiation of an outdoor field could average 6-12 hours per day.   
 It has long been recognized that color can alter the mood or emotion of a person and 
result in positive and negative feelings.  In one study, a positive response was given for the color 
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green while a negative response was given for the color yellow-green (Naz and Epps, 2004).  
Color consists of three mains parts including hue, saturation, and brightness.  Hue describes the 
wavelength of the reflected light from the surface of an object and allows for the determination 
of chromatic colors such as red, green, blue, and yellow (Judd, 1940) and can be quantified as an 
angle on a circular scale (0° = red, 60° = yellow, 120° = green, 180° = cyan, 240° = blue, 300° = 
magenta) (Adobe Systems, 2002).  Saturation is the dominance of a particular hue within a given 
color or the difference of a chromatic color from an achromatic color such as gray (Judd, 1940) 
and ranges from 0 (gray) to 100 percent chromatic color (Adobe Systems, 2002).  Brightness 
describes the relative lightness or darkness of a color and ranges from 0% (black) to 100% 
(white) (Adobe Systems, 2002).  Hue, saturation, and brightness can be determined through 
digital image analysis (DIA) using methods described in Karcher and Richardson (2003) and 
would allow quantification of color change.  Considering the importance of color to human 
emotion as well as the impact of UV radiation on synthetic materials, the objective of this study 
was to evaluate color of synthetic turf over time using DIA to determine if color change 
occurred, and if so, determine the amount color changed. 
Color evaluation methods 
A synthetic turf playing surface (Sportexe PowerBlade HP 2.5, Berkshire Hathaway 
Company, Kennesaw, GA) with an infill mix of sand and rubber (50% wt.) located in 
Fayetteville, AR and constructed in 2009 was evaluated in this study for color changes over time.  
High quality digital images were collected in September 2009, December 2010, and January 
2012 of the green, red, black, and white sections of the field in the same locations using an 
Olympus SP-510UZ digital camera (Olympus Corporation, Center Valley, Pennsylvania).  A 
light box was used to prevent ambient light from altering the quality of the digital images and 
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produce consistent lighting for all images (Karcher and Richardson, 2013).  Images were 
analyzed according to previously published methods to produce values for hue, saturation, and 
brightness and define colors in percentages of red, green, and blue (Karcher and Richardson, 
2003). 
Picture locations were selected based on the use of the field, and images for green fibers 
were collected in areas that were highly trafficked including the corners of the players’ box on 
each sideline, between the hash marks at three and 20 yard lines, and at the edge of the field 
where equipment is driven to move supplies on and off the field (Fig. 1).  Red portions of the 
field included lettering in both end zones as well as the mid-field logo.  Because of the limited 
amount of white and black fibers in areas large enough to be captured using a light box, few 
images were collected from these areas, and therefore, analysis of white and black fibers have 
been excluded.  Statistical analysis of images of green and red fibers included a comparison of 
individual measurements and calculation of means and confidence intervals ( = 0.05) for the 
difference of hue, saturation, and brightness among years using Minitab (v.17, Minitab Inc., 
State College, Pennsylvania). 
Color change of green and red fibers 
 The hue, saturation, and brightness of the synthetic turf as measured using DIA differed 
among the three testing years for both green and red fibers (Table 1).  Comparison of the green 
fibers in 2009 to 2010 indicated hue increased by 21.9° from 90.0° to 111.9°, giving a more blue 
appearance (Fig. 2).  Saturation decreased by 11.9% while brightness increased by 13.3% for the 
green fibers from 2009 to 2010.  From 2010 to 2012, hue of the green fibers decreased by 16.5°.  
The green fibers in 2012 appeared more green by comparison to 2010, but hue was still 5.4° 
greater compared to 2009.  The green fibers in 2012 were measured to be more saturated than in 
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2010 by 12.5%, but had decreased brightness (2.5%).  Saturation and brightness increased from 
2009 to 2012 by 0.6% and 10.9%, respectively. 
 The red fibers on the field which included end zone lettering and the mid-field logo had 
different values for hue, saturation, and brightness among the measurement years (Table 1).  In 
2009, average hue was 1.7° with saturation of 82.1% and brightness of 24.6%.  In 2010, hue 
decreased by 0.6° and saturation decreased by 9.0% while brightness increased by 8.0%.  This 
difference made the red fibers appear faded (Fig. 2).  Measurements of hue, saturation, and 
brightness of the red fibers in 2012 indicated an increase in hue by 8.1°, a decrease in saturation 
by 5.4%, and no change of brightness from 2009.  
Discussion 
 The change of color over time for the green fibers is easily visible upon examination of 
repaired portions of the synthetic field in which worn or damaged areas were replaced with new 
synthetic turf (Fig. 3).  Comparison of new and old turf indicates that there is certainly a 
difference in appearance of the two, but DIA was unable to consistently measure the difference.  
For example, hue of the green fibers increased from 2009 to 2010, but decreased in 2012 to 
nearly similar to the hue in 2009.  One aspect of experimentation that could explain the 
discrepancies and lack of consistency among the measurement years would be image collection, 
but all procedures were the same for each year including camera, camera settings, light box, and 
location of each image.  Instead, the lack of consistency for determination of the color change of 
the synthetic turf was likely due to maintenance procedures that occurred prior to image 
collection.  Since the fibers for this particular synthetic turf are two-toned to mimic natural turf 
appearance, maintenance of the surface such as sweeping and dragging could alter the orientation 
of the fibers making one tone predominantly visible.  Examination of images collected provided 
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evidence to fiber orientation as the sole cause (Fig. 4).  Fibers that were more horizontal in 
orientation tended to have greater hue (more blue) with less saturation and greater brightness 
such as visible in images collected in 2010.  When fibers were vertically orientated, hue was less 
(more yellow) with greater saturation and lower brightness compared to horizontally orientated 
fibers.  Orientation had a similar effect on the appearance of red fibers even though the red fibers 
were mono-toned.  Although the appearance of the synthetic turf installed in 2009 was visibly 
different to new turf installed in 2012, the use of DIA was unable to consistently record the 
differences due to the two toned nature of the green fibers and differences of fiber orientation at 
the time of image collection.  However, if maintenance procedures prior to image collection were 
standardized to promote even distribution of rubber and standard fiber orientation, it is likely that 
DIA would be able to consistently measure color retention of synthetic turf. 
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Figure 1.  Map of image location of digital images taken of Frank Broyles field inside of Donald W. Reynolds Razorback stadium 
(Photographer: Dr. Michael Richardson. Used with permission).
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Table 1. Means for hue, saturation, and brightness of green and red fibers in a synthetic field located in Fayetteville, AR determined 
by digital image analysis of images collected in 2009, 2010, and 2012.  Differences in hue, saturation, and brightness were calculated 
among years including 95% confidence interval. 
 --------------------Green fibers-------------------- --------------------Red fibers-------------------- 
 2009 2010 2012 2009 2010 2012 
Hue
† 90.033 111.898 95.447 1.680 1.068 9.738 
Saturation
‡ 0.585 0.465 0.591 0.821 0.731 0.767 
Brightness
§ 0.160 0.293 0.268 0.246 0.326 0.246 
 Comparison of years 
 2009-2010 2010-2012 2009-2012 2009-2010 2010-2012 2009-2012 
Hue 21.866 ± 0.516 -16.452 ± 0.350 5.414 ± 0.209 -0.612 ± 0.097 8.670 ± 0.373 8.058 ± 0.382 
Saturation -0.119 ± 0.013 0.125 ± 0.007 0.006 ± 0.016 -0.090 ± 0.011 0.036 ± 0.007 -0.054 ± 0.011 
Brightness 0.133 ± 0.012 -0.025 ± 0.007 0.109 ± 0.012 0.080 ± 0.008 -0.079 ± 0.012 0.000 ± 0.012 
† Hue is measured on a circular scale and denoted as degrees (0° = red, 60° = yellow, 120° = green, 180° = cyan, 240° = blue, 300° = 
magenta). 
‡ Saturation is the purity of color (0 = gray, 1 = fully saturated color) 
§ Brightness is the relative lightness or darkness of a color (0 = black, 1 = white) 
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Figure 2.  The color of the synthetic fibers determined through digital image analysis.  Boxes A and D are the color of fibers in 2009, 
boxes B and E are 2010, and C and F are 2012. 
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Figure 3. New synthetic turf installed to replace worn area of field.  The dark green portion of the picture is the new turf, and the rest 
of the picture is turf after three years of use (Photographer: William Strunk. Used with permission.). 
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Figure 4.  The orientation of fibers was different for the three years.  Each sub-image was taken at the same location of the field over 
different years.  Image 3A was collected in 2009 (hue: 90.7, saturation: 0.55, brightness: 0.14).  Image 3B was collected in 2010 (hue: 
109.7, saturation: 0.48, brightness: 0.31).  Image 3C was collected in 2012 (hue: 94.5, saturation: 0.60, brightness: 0.26) 
(Photographer: William Strunk. Used with permission.). 
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VII. Conclusions 
Ethylene and ethylene inhibition 
 From the studies presented here, there has been little discovered about the impact of 
exogenous ethylene on creeping bentgrass.  While previous research correlated endogenous 
ethylene production to leaf senescence, acute exposure of creeping bentgrass to high levels of 
exogenous ethylene was unable to produce a similar result.  Instead, it is likely that ethylene 
action in turfgrass requires some sort of conditioning to make tissues sensitive to ethylene or 
response to exogenous ethylene by creeping bentgrass requires chronic exposure.  Even when 
turfgrass plugs were subjected to heat stress, exogenous ethylene failed to hasten the process of 
leaf senescence and the appearance of heat stress related injury occurred similarly to that of 
previous research. 
 The use of AVG in the field to prevent injury from tournament conditions was not 
effective.  In previous research, AVG successfully slowed the process of leaf senescnence when 
creeping bentgrass was subjected to heat stress, but in the study performed here, there were no 
effects by using AVG.  While the tournament conditions used in the study had a significant 
impact on turfgrass health, the stress produced may not have equal to the heat stress used in 
previous research.  Even though the study here was performed during the summer, temperatures 
were never at the extreme used in others work, and the collective stress of the other aspects of 
tournament conditions may not have equated to similar levels. 
Golf ball lie and golf shot performance 
 Selection of species and cultivars of bentgrass had a significant impact on golf ball lie 
and how golf ball lie changed over time after a mowing event.  While other parameters such as 
disease resistance or turfgrass quality may be much more important to the selection of a proper 
species or cultivar for use in a golf course fairway, golf ball lie and  ball lie serve as an 
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indicator of playability of the turf and could provide additional information when selecting 
between two cultivars similar in other aspects.  Selecting a cultivar with a smaller  ball lie may 
give the golf course superintendent the opportunity to extend the time between mowings without 
interfering with the playability aspect of the fairway, as in this research, at two DFM, no 
cultivars had ball lie < 90%.  In addition, with the increasing trend of rolling bentgrass fairways 
as a means to reduce disease incidence and decrease fungicide inputs, the potential to extend the 
time between mowings could be even greater assuming the health of the turf remains intact.  
However, the impact of using rollers on bentgrass fairways has not been evaluated for the effects 
on golf ball lie or  ball lie, and further research on this interaction is warranted. 
Carry distance, backspin, ball speed, and smash factor were all significantly correlated to 
ball lie, and the effects of ball lie on these parameters were similar for both players.  Previous 
researchers have questioned the practical significance of small differences in ball lie that are 
statistically significant, and data from this study have confirmed those concerns.  To reduce carry 
distance by five yards from maximum distance (ball lie ≥ 90%), ball lie must be below 55% 
according to the regression model.  A reduction of carry distance by 10 yards requires ball lie to 
be below 30%.  At less than 10% of ball exposed, a golfer could expect a decrease in carry 
distance of 20 yards or more.  Backspin generation from poor ball lies may not be decreased as 
severely as anecdotal evidence suggests, even though the trend was significant.  Previous 
research demonstrated decreases in backspin generation and ball speed as the height of turf 
increased, and this trend was further validated by the results of this study.  Accuracy was only 
significantly correlated to ball lie for golf shots struck by LH, demonstrating that the effects of 
ball lie on accuracy were dependent on golfer skill, ability, and swing.  Poor accuracy of a golf 
shot struck from the rough has often been attributed to ball lie, but results from this study only 
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provided evidence for better players.  Furthermore, it would be expected that golfers who 
consistently find the rough lack the ability to accurately place golf shots regardless of the lie. 
Color retention of synthetic turf 
The change of color over time for the green fibers is easily visible upon examination of 
repaired portions of the synthetic field in which worn or damaged areas were replaced with new 
synthetic turf (Fig. 3).  Comparison of new and old turf indicates that there is certainly a 
difference in appearance of the two, but DIA was unable to consistently measure the difference.  
For example, hue of the green fibers increased from 2009 to 2010, but decreased in 2012 to 
nearly similar to the hue in 2009.  One aspect of experimentation that could explain the 
discrepancies and lack of consistency among the measurement years would be image collection, 
but all procedures were the same for each year including camera, camera settings, light box, and 
location of each image.  Instead, the lack of consistency for determination of the color change of 
the synthetic turf was likely due to maintenance procedures that occurred prior to image 
collection.  Since the fibers for this particular synthetic turf are two-toned to mimic natural turf 
appearance, maintenance of the surface such as sweeping and dragging could alter the orientation 
of the fibers making one tone predominantly visible.  Examination of images collected provided 
evidence to fiber orientation as the sole cause (Fig. 4).  Fibers that were more horizontal in 
orientation tended to have greater hue (more blue) with less saturation and greater brightness 
such as visible in images collected in 2010.  When fibers were vertically orientated, hue was less 
(more yellow) with greater saturation and lower brightness compared to horizontally orientated 
fibers.  Orientation had a similar effect on the appearance of red fibers even though the red fibers 
were mono-toned.  Although the appearance of the synthetic turf installed in 2009 was visibly 
different to new turf installed in 2012, the use of DIA was unable to consistently record the 
 92 
 
differences due to the two toned nature of the green fibers and differences of fiber orientation at 
the time of image collection.  However, if maintenance procedures prior to image collection were 
standardized to promote even distribution of rubber and standard fiber orientation, it is likely that 
DIA would be able to consistently measure color retention of synthetic turf. 
